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ABSTRACT 
The condensation reaction between a dicarboxylic acid 
anhydride and diamine has been found to be very efficient 
for the formation of macrocyclic tetraamides. The reactions 
were carried out in high-dilution with vigorous stirring 
wherever the reactants were susceptible to form 
polymerization products. The method can be extended for the 
synthesis of a series of macrocycles with different ring 
sizes and substituent groups. 
Chapter I is a brief survey on the Coordination 
Chemistry of Macrocycles. Chapter II describes the various 
physico-chemical techniques employed in the structural 
characterization of the macrocycles and their metal 
complexes described in the present work. 
The third chapter describes the synthesis of two 
macrocyclic tetraamides, L-^ and L2 (16- and 18- membered, 
respectively) and their reactivity towards Cr(III), Fe(II), 
Co(II), Ni(II) and Cu(II). The ligand dibenzo[c,k] 
[1,6,9,14]tetra-aza cyclohexadecane[2,5,10,13]tetraone (L^; 
I) was prepared from the condensation reaction of phthalic 
anhydride and 1,2- diaminoethane in 1:1 mole ratio. It 
reacted readily with the metal ions, Cr(III), Fe(II), Co(II) 
and Cu(II), excepting Ni(II), giving stable metal complexes. 
The reaction with Ni(II) precipitated only the ligand even 
on employing vigorous conditions. The ligand 
[1,6,10,15]tetra-aza cyclooctadecane[2,5,11,14]tetraone (L2; 
II) was not isolable as free ligand but its metal inclusion 
complexes were isolated as stable compounds. The 
stoichiometry of the ligands and their metal complexes, mode 
of bonding with probable molecular formulations have been 
ascertained using various physico-chemical methods. 
The IR and H NMR studies indicate the presence of 
secondary amide moieties -CO-NH- in both the free ligands as 
well as their metal complexes. The v(N-H) bands in the free 
ligands are shifted to higher frequency in the complexes 
with the amide I, amide II and amide III remaining 
practically unchanged. This may be due to the fact that the 
free ligand exists in hydrogen bonded form which, however, 
could not be authenticated as the ligands were insoluble in 
non-hydrogen bonding solvents. It has been found that in all 
the polyamide macrocycles and their complexes, the -CO-NH-
entity is retained indicating non deprotonation of the amide 
protons upon complexation. The presence of characteristic 
i;(M-N) and 2;(M-X) (X - Cl, ClO^ or SCN) bonds frequencies 
and their positions in the IR spectra suggest that the metal 
ion is bound to the neutral amide nitrogen centres. 
The -'"H NMR spectra of L-j^  recorded in DMSO-dg exhibited 
N-H proton resonance signal as a broad resonance centered at 
II 
4.7 ppm which has been further ascertained from D2O 
exchange. The proton resonance signals due to -CH2-, 
-N-CH2-/ -CHy-CO- and CgH^- were also observed in their 
appropriate regions. 
Reactions of L-|^  and L2 with CrCl3.6H20 yielded 
complexes (III) and (VII) in 1:1 metal to ligand ratio. The 
molar conductivity, electronic and magnetic moment data 
suggest an octahedral geometry around the Cr(III) ion. The 
ESR spectra of the polycrystalline samples measured at room 
temperature exhibited an isotropic signal (g^go ~ ^^ - 1'99) 
which is consistent with a rhombic distortion in the 
octahedral environment around Cr(III). The Fe(II) complexes 
(IV) and (VIII) were obtained from anhydrous FeCl3 through 
reduction of Fe(III) by sodium borohydride followed by 
reaction with the macrocyclic ligands. The results of the 
physico-chemical studies are consistent with a 1:1 metal to 
ligand stoichiometry and an octahedral geometry around the 
Fe(II) ion. 
Reactions of L-j^  and L2 with C0CI2.6H2O have afforded 
[Co(Lj)Cl]Cl (V) and [Co(L2)]Cl2 (IX), respectively. The 
complex (V) possesses a square pyramidal geometry with the 
possibility of low-spin r==^  high-spin equilibrium evident 
from its electronic spectral and magnetic moment data. The 
observed magnetic moment value for (IX) is close to 
III 
theoretically expected spin-only value for three unpaired 
spins on the metal ion henceforth ruling out a square planar 
environment around Co(II) ion in [Co(L2)]Cl2 (IX). However, 
the ligand field band indicated in its electronic spectrum 
is consistent with a distorted tetrahedral geometry of the 
complex (IX). The analytical and spectroscopic data for 
[Cu(L-,^ )Cl2] (VI) and [Cu(L2)Cl2] (X) are consistent with the 
above formulation in which the metal ion has an octahedral 
geometry undergoing tetragonal distortion. 
The synthesis of [1,6,9,14] tetra-aza cyclohexadecane 
[2,5,10,13]tetraone dihydrochloride (L3.2HC1;XI) and 
dibenzo[c,l] [1,6,10,15]tetra-aza cyclooctadecane[2,5,11,14] 
tetraone (L^;XII) and their reactivity towards Cr(III), 
Fe(II), Co(II), Ni(II) and Cu(II) are described in Chapter 
IV. Reactions of L3.2HCI (XI) and L^ (XII) with NiCl2.6H20 
did not yield any reaction product similar to that observed 
for its reactions with L^ (I) and L^ (II) • The ligands 
L3.2HCI and L^ react efficiently with the metal ions 
Cr(III), Fe(II) and Cu(II) in a way similar to that found 
for L-^ and L2 giving compounds having octahedral 
configuration around the central metal ion represented by 
the molecular formulae [Cr(L)Cl2]Cl (XIII and XVII) and 
[M(L)Cl2] {M = Fe(II), (XIV and XVIII) and M = Cu(II), (XVI 
and XX)}. Reactions of L3.2HCI and L^ with C0CI2.6H2O 
afforded stable solids whose analytical and conductivity 
IV 
T ^ (oM b 
data agree well with the formulations as [Co(L3)]Cl2 (XV) 
and [Co(L^)]Cl2 (XIX), respectively. The magnetic moment and 
electronic spectral data indicate distortion from a square 
planar towards a tetrahedral geometry. 
The tetraamide macrocycles described in the present work 
possess a unique property in that they bind metal ions 
through neutral amide nitrogen centres forming stable 
complexes and are capable of stabilizing unusual oxidation 
states of metal ions. The redox behaviour of the complexes 
(V) and (VI) in solutions has been examined using cyclic 
voltammetric studies described in Chapter V. 
The electrochemical studies were carried out in DMSO 
(1 mMol solution) using platinum vs. SCE at room temperature 
at a scan rate of 0.05 as well as 0.1 Vs"-*-. The cyclic 
voltammogram of [Co(L^)Cl]Cl complex (V) exhibited two 
irreversible cathodic waves at -0.88 V {C-^) and -1.14 V (C2) 
and a single irreversible anodic wave at 0.34 V. The above 
obseivations suggest that the reduction of Co -'^  occurs via 
two one-electron steps (Co-'--'- + e~ >Co + e~ — > Co ) 
while oxidation involves a one step two electron process 
(Co° — > Co-'--'- + 2 e~). The voltammogram of the [Cu(L-j^  )Cl2] 
complex (VI) exhibited a reversible redox wave at E° = -0.48 
V consistent with the redox couple along with irreversible 
cathodic waves at -0.19 and -0.75 V and an anodic wave at 
V 
+0.43 V. The complete electrochemical steps of all the above 
redox processes involved for the cobalt(II) and copper(II) 
complexes can be described by the following schemes : 
- 0.88 V - 1.14 V 
[Co(Lj)Cl]''" + e" > [Co(Lj^)Cl] + e~ > Co° 
O 2[Co(Li)Cl] > [Co(Lj)Cl]"'" + Co 
- 0.34 V 
Co > Co^ ''" + le' 
E°, - 0.48 V _ - 0.75 V 
[Cu(L^)C:i2] ^===========^ [Cu(Li)Cl] + e > [CuCL^)] 
+ 0.43 V 
[Cu(Lj)Cl2] > [Cu(L3^ )Cl2]''' + e" 
- 0.19 V 
[Cu(Lj)Cl2]"*" + e~ > [Cu(Lj^)Cl2] 
These observations show that the tetraamide macrocycle 
L^ is capable of stabilizing electrochemically the +1 
oxidation states of cobalt and copper. This property of the 
macrocycle L-, is rationalized in terms of its large cavity 
size and due to the involvement of neutral amide nitrogen 
atoms in coordination, that prefers the M > M process 
rather than the M"'--'- > M-^-'--'- process. 
The condensation reaction between a diamine and a 
dicarboxylic acid anhydride was extended to synthesize few 
more polyamide macrocycles. The macrocycles were designed 
VI 
with a view to observe the effect of steric constraints on 
the geometries of the complexes particularly for the 16- and 
18- membered tetraamide macrocycles described in Chapter III 
and Chapter IV. The synthesis and characterization of the 
derivatized polyamide macrocycles and their metal complexes 
are described in Chapter VI. The ligand dibenzo[g,o] 
[1,6,9,14]tetra-aza cyclohexadecane[2,5,10,13]tetraone 
(LgjXXI) was prepared from the reaction of succinic 
anhydride and 1,2-phenylenediamine in dioxane and the 
analogous tetrabenzo[c,g,k,o] [1,6,9,14]tetra-aza 
cyclohexadecane [ 2,5,10,13]tetraone (Lg;XXII) was 
obtained from the reaction of phthalic anhydride and 1,2-
phenylene diamine. However the hexaamide macrocycle 
dibenzo[c,k] [1,6,7,9,14,15]hexa-aza 
cyclohexadecane[2,5,8,10,13,16]hexaone (L^;XXIII) was 
obtained by reacting phthalic anhydride with semicarbazide 
hydrochloride in DMF-methanol mixture as solvent. The 
analytical and IR spectral data of the ligands are 
consistent with h^e proposed stoichiometry of the ligands. 
The reactivity of the macrocycles (L^, Lg and L^) 
towards Co(II), Ni(II) and Cu(II) ions were straight forward 
excepting the reaction of L^ with Ni(II). In contrast to the 
macrocycles L-j^  - L^, macrocycles Lg and L^ have afforded 
stable complexes with Ni(II), (XXVII) and (XXIX), 
VII 
respectively. The Ni(II) complexes attains a square planar 
geometry binding the macrocycle through the neutral amide 
nitrogen atoms which is evident from IR and electronic 
spectral data. The molar conductance value, magnetic moment 
and electronic spectral data for the Co(II) complexes (XXIV 
and XXVI) of L5 and Lg suggest a distorted square planar 
environment about the Co(II) ion. The Co(II) complex of L^, 
(XXVIII) is assigned a low-spin distorted square pyramidal 
geometry from its magnetic moment and electronic spectral 
data. The ESR spectrum exhibited signals typical of a spin 
doublet possessing axial symmetry. The observed g values are 
g = 2.07 and g = 2.35 as expected for an unpaired electron 
in the d^j orbital thus supporting the argument for a low-
spin distorted square pyramidal geometry with C^^ symmetry 
and the ground state of the complex is A-j^ (G). The 
analytical and physical data are also consistent with the 
molecular formula represented as [Co(L7)Cl]Cl (XXVIII). The 
copper(II) complexes (XXV and XXX) are assigned an 
octahedral geometry with axial distortion placing the 
unpaired electron in the d 2 _ y2 orbital. This is supported 
by magnetic moment, ESR and electronic spectral data. 
Complexes of Zn^ "*", Cd^ "^  and Hg with the polyamide 
macrocycles (L-j^  - Lg) are reported in Chapter VII. The IR 
and •'•H NMR data show that coordination is through the 
neutral amide nitrogen atoms retaining the -CO-NH- moiety. 
VIII 
As the metal ions involved are d species, diamagnetic and 
colourless it was not possible to assign geometries based on 
electronic spectral studies. However, the analytical and 
molar conductivity values suggest an octahedral geometry for 
the complexes with the molecular formula consistent with a 
1:1 metal to ligand ratio. 
In general the polyamide macrocycles described in the 
present work bind a metal ion in a tetradentate manner 
through the nitrogen atoms of -CO-NH- moiety. The complexes 
are fairly stable and it may be argued that any 
destabilizing effect by distortion due to the tetradentate 
binding requirement is overcome by the macrocyclic effect. 
The cavity size of the 16- and 18- membered macrocycles is 
expected to stabilize low oxidation states of metal ion, a 
scarcely observed behaviour for [N^] type macrocycles. The 
incorporation of steric constraints like fused benzo groups 
and amide groups reduce the flexibility of the ring 
orienting the macrocycle in a preorganized state. Such 
steric factors are found, in the the present studies too, to 
influence the feasibility of a reaction and thus exhibit 
selectivity for metal ions among a series of macrocycles. 
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CHAPTER I 
GENERAIi INTRODUCTION 
The coordination chemistry of multidentate macrocyclic 
ligands has been a field of intensive research amongst 
Inorganic Chemists and Biochemists over the past decades . 
There is no dearth of literature on the structural, 
synthetic or functional aspects of macrocyclic chemistry. 
Naturally occurring macrocyclic complexes like vitamin B-]^ 2' 
metallo-porphyrins, chlorophyll and the industrially 
important metal-phthalocyanine have been studied for many 
years . Synthetic ring complexes which copy aspects of these 
naturally occurring complicated macrocyclic ring systems are 
known and the study of such compounds to find an analogy 
with the natural systems were the main goal of early stage 
research. Although the results obtained do not always 
closely parallel those in nature, the biochemical role of 
metal ions in the natural systems is better understood 
through these synthetic models. At present the emphasis of 
research is ranged over the whole spectrum of chemistry. The 
wide spread interest in these molecules is due to their 
unique and exciting chemistries in that they can serve as 
receptors for metal ions, molecular cations, neutral 
molecules or molecular ions of widely differing physical and 
chemical properties and upon complexation can drastically 
alter these properties. They possess several desirable 
properties such as selective substrate recognition, stable 
complex formation, transport capabilities and catalysis . 
In general macrocycles are organic heterocyclic 
compounds containing between 10 and 30 atoms in a ring. They 
have an internal hydrophilic cavity formed by donor atoms, 
and an external hydrophobic framework made up of chains. 
There are usually from 4 to 10 donor atoms in a cycle, 
connected via 2 or 3 carbon atoms, which are capable of 
interacting with a variety of species. The three dimensional 
extension of macromonocycles in which more than one macro 
cycle is incorporated in the same molecule are called 
macropolycycles . An intriguing feature of macrocyclic 
chemistry is that the design and synthesis of macrocycles 
with varying ring size and donor sites, with specific 
properties can be achieved with relative ease. Over the past 
years an extensive series of macrocyclic ligands have been 
prepared and studied, which are classified into various 
subdivisions . TUPAC nomenclature of these compounds is 
cumbersome and not illustrative. Simple but not 
unequivocally defined notations have been suggested for 
certain types of macrocycles. However, sophisticated 
compounds when represented by their structural formulae 
gives a clear picture of the macrocycles. Progressing from 
macrocyclic to macropolycyclic, the following types are a 
few of the ligands classified into different subdivisions 
(Figure 1.1): 
Q Q . . . 
(1) Coronands (1) and (2)' are inacrocyclic species which 
contain various heteroatoms as binding sites. The 
complexes of these ligands are referred to as 
coronates. The polyaza macrocycles were the first of 
such inacrocyclic ligands to be studied. 
(2) Crown ethers (3) and (4) are inacrocyclic 
polyethers. 
(3) Macrocyclic polycarbonyls are cyclic ligands containing 
carbonyl functionalities, the inacrocyclic oligoketones 
-1-1 -1 O 
(5) , the polylactones (6) and the polylactams 
(7)1^ 
(4) Spherands (8) and hemispherands (9) are inacrocyclic 
ligands which consists of arrangements of phenyl 
groups. 
(5) Calixarenes (10) , from the Greek meaning chalice and 
arene (incorporation of aromatic rings), are 
macrocyclic- phenol-formaldehyde condensaton products. 
(6) Cyclodextrins"'-^ are naturally occurring cyclic 
oligomers of 1,4 - glucopyranosides. 
(7) Catenands (11) are two separate, but interlocked, 
macrocyclic ligands. 
(8) Cryptands (12)-'-^  and (13)^° are macropolycyclic 
receptor molecules which provide a cavity for inclusion 
of a variety of substrates. Cryptate refers to their 
complexes. 
(9) Sepulchrates (14)^ -^ are polyaza macrobicycles analogous 
to the cryptands. 
(10) Speleands (15) are hollow, macropolycyclic molecules 
formed by the combination of polar binding units with 
rigid shaping groups. Speleate refers to the complex. 
^NH HN 
(1) 
\_n^ 0 HN_y 
(5) 
(2) (3) 
0 0 
Co J 
( 4 ) 
>-Uo 
(6) 
0 
H2Ph 
PhHjC CHjPh 
(7) 
RQOR ROQR 
R=Me 
(9) 
(n) (12) 
MeO 
(13) 
H/—\H 
H W H 
(U) 
Figure 1.1 
Macrocyclic ligands have been prepared by conventional 
organic synthes-is as well as employing in-situ procedures 
involving cyclization in the presence of a metal ion. 
In some reactions the presence of a metal ion is reguired. 
The metal is said to act as a template and such reactions 
have been termed metal assisted "template synthesis". Schiff 
base condensation between a carbonyl compound and an organic 
amine in presence of a metal ion to yield an imine linkage 
has led to the synthesis of many aza macrocycle complexes as 
illustrated by equation (1.1)^^'^^ 
NH NH 
CH2O 
RNH2 
[M{«n)2] 
M-.N|2*Cu'* 
2* CHjO 
Et NO2 
M. NO2 
^NH NH 
C X-) 
NH NH 
w 
Me NO2 
(M ) 
The crown polyethers are examples of macrocycles which 
have been prepared mainly by direct synthesis 
in '^n "^1 (equation 1.2) ' ' . Mixed oxa-thia crowns are obtained 
from oligo(ethylene glycol) dichloride reactions with 
dithiols (equation 1.3)^^"^^ 
(X • 2 CI 0 CI ( 1.2) 
r^^ 
v_y 
(1.3) 
Ether-ester and ether-ester-amide macrocycles are 
derived from acid chlorides and oligo(ethylene glycols) or 
ethylene diamine (equation 1.4)-^^'^^ 
HO 0 0 OH I , ,^ k^  f.^ ^ 
Polythia macrocycles are obtained by reacting an 
appropriate polythiane with a dibromoalkane. In some cases 
the reactions are metal template assisted (equation 1.5 and 
k ^ B, Br L J (1.5) 
0 /^^ N - ^ ^ 
Br Br 
The phosphorus macrocycles are made v ia t empla t e 
condensat ion of coord ina ted polyphosphine l i g a n d s and a 
dibromoalkane (equation 1.7)-^^. Template ass i s ted s i n g l e -
stage 
Ph''' ^ Ph / \ p h 
ex: : : • •••co - <::x:?o <"> 
Ph\ / Ph\ /Ph 
40 
ring closure methods are also reported (equation 1.8). The 
arsenic donor macrocycles are synthesized by reacting 
41 lithiated polyarsenes with a dichloroalkane (equatxon 9). 
M«LH H Me 
Me" " Me 
0 0 
2cr + 2 / \ 
Me Me 
OH OH 
Me*,l L-'Me 
Me/ \feU oo 
M e y /Me 
Me''fnr"'Me 
OH OH 
It 
2cr (1.8) 
L AsPh CI CI 
^AsPh H 
H 
PhAs As^ h 
\^As^/'^ 
Ph 
(1.9) 
Macropolycycles are generally made by progressive 
construction of the framework through a series of reactions 
of the appropriate reactants.-^^~^°' ^ 2-45 
Although the above synthetic methods provide an easy 
approach to prepare various macropolycyclic ligands, it is 
now understood that there is a need in several areas for a 
rational approach toward ligand design for selective 
complexation of metal ion in solution. A major determinant 
of the metal ion specificity is expected to be the nature of 
the metal binding residues. Metal binding studies have shown 
the importance of ligand field stabilization energy and 
hard-soft acid-base effects in determining metal ion 
specificity. Macrocycles containing 'hard' ether-oxygen 
centres show binding preference towards ^hard' alkali and 
alkaline earth cations, but the incorporation of 'soft' 
sulfide or amine linkages for ether linkages shift their 
preference towards 'soft' heavy metal ions. -^  The 
selection of appropriate 'shaping groups' and heteroatoms at 
the binding site is therefore crucial for selective 
complexation of a substrate by a macrocyclic ligand. 
Macrocycles with saturated chains and large cavity size 
have greater flexibility, Unsaturation imposes steric 
constraints on the molecule, to the extent that when donor 
atoms are connected via an aromatic system, flexibility is 
at a minimum, e.g. phthalocyanines. The nature of the cavity 
is influenced by the number of donor atoms in the macrocycle 
and its degree of flexibility. While a rigid framework 
results in a preformed cavity, flexibility allows latent 
cavity formation. The selectivities observed for the crown 
ether and cryptands in the complexation of the alkali and 
alkaline earth metal ions are closely related to cavity 
size, although in exceedingly large cavities, selectivity 
may become lost due to preponderance of flexibility. I a 
substrate is too small for a given ligand cavity the 
resulting complex will be destablized by substrate-receptor 
repulsions and ligand deformation. On the other hand, for a 
substrate that is too large for a macrocycle, destablized 
complexes will result due to poor ligand-substrate binding 
contact or unfavourable ligand deformation in order to 
achieve binding contact. Ligand flexibility and shape are 
also controlled by the dimensionality of the macrocycles, 
mono-, bi- and tri-cyclic systems. The dimensionality of a 
macrocycle is defined in terms of the highest number of 
edges to which a vertex is attached. A vertex is mostly a 
donor atom, but not always. Simple unappended monocycles are 
bidimensional while the rest are tridimensional. 
Macrobicyclic ligands are inherently more rigid than their 
monocyclic analogues. Flexibility can be increased by 
-I 
increasing the chain length. The incorporation of 
functional groups such as amide, ester, thioester, urethane 
and thiourea provides polar binding sites and additionally 
ligand stiffening. Macrocycles with chiral units in their 
skeleton serves as receptors for chiral substrates. A wide 
scope exists for designing ligands of desired properties 
from a thorough knowledge of binding sites and its 
environment, and topology that determine the ease of complex 
formation. 
As polydentate ligands the macrocycles are capable of 
interacting with a broad range of metal and non metal ions 
(complex cations,^"^ anions, ' neutral molecules^ ). 
The macrocyclic ligands offer unusually high ligand field 
strengths to those metal ions having the ionic diameter 
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matched to the macrocyclic cavities. The resulting complexes 
are extremely stable thermodynamically and kinetically . 
Macrocyclic ligands are also efficient in stablizing high 
oxidation states of metal ions that are not readily 
attainable such as Cu(III) or Ni (III). ^ "^^ -^  This property 
enables them to undergo a diverse array of chemical 
reactions, such as ligand oxidative dehydrogenation, metal 
alkylation, ligand substitution and hydrogenation. The 
success of some of these reactions is closely linked with 
the ability of higher and lower oxidation states of metal 
ions in these complexes to function as reactive 
intermediates. 
The enhanced stability of metal complexes of 
macrocyclic ligands over other linear polydentate ligands is 
attributed to various structural effects namely, chelate 
effect, macrocyclic effect, cryptate effect and multiple 
juxtapositional fixedness (MJF). These effects which have 
been found to give stronger complexes arise from the 
structural factors, size, shape of geometry, connectedness 
or topology, and rigidity of the macrocycle. Figure - 1.2 
displays the general observation that the affinity between 
ligands of a particular kind, amines in the example, and a 
given metal increases with the increasing topological 
constraint of the ligand system. The example^ given below 
illustrates 
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Increasing Topological ConsUalnl 
— » 
COORDhNATION 
• 
NHj 
CHELATION 
-^ 1 
H j N ' ^ ^ - ^ ^ N H j 
MACROCYCLE EFFECT CRYPTATE EFFECT 
Me 
HN KHKlH HN NH 
HN NFT HN HH^/ u V^  
H Me 
H-jN-^-N ^ j^--^ NH2 
Topology and the Chelate Macrocycle and Cryptate Effect 
Figure 1.2 
the che l a t e e f f e c t , which i nc r ea se s with t he number of 
donors linked together through the se r i e s ethylenediamine 
(en), diethylenetriamine and N,N'-bis(2-aininoethyl) - 1 , 3 -
diaminopropane (abbreviated 2 ,3 ,2) , the macrocycle effect 
for the case of the t e t r a - a z a c y c l o t e t r a d e c a n e , and the 
cryptate effect for the l a s t s t ruc ture . These topological 
effects are displayed in both kinet ic and thermodynamic 
proper t ies . 
The chelate effert^-^"^^ summarizes the fact tha t a 
bidentate ligand i s capable of binding a metal ion more 
favourably as compared to a monodentate l igand, a t r i d e n t a t e 
ligand binds more favourably than a bidentate l igand and so 
on as the number of donor atoms in the ligand increases . 
This e f f ec t a l s o makes l igand d i s s o c i a t i o n h ighly 
unfavourable due to the fac t t h a t when a donor atom 
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separates from the metal, the possibility of the process 
being reversed by rebinding is enhanced as the rest of the 
molecule is still bound to the metal ion. The size of the 
chelate ring is very important, five-membered chelate rings 
being more appropriate than those of six members for metal 
ions and in the case of saturated structures. Chelate 
rings of greater size or lesser size, although well known, 
are relatively unfavourable and no chelate effect is 
expected for rings of eight and more members. 
The unusual thermodynamic stability of metal complexes 
with macrocyclic ligands as compared with complexes of 
other, usually linear, polydentate ligands is termed the 
macrocyclic effect. This is manifested in equilibrium 
constants and is accompanied by exceptional kinetic 
inertness. Cabbiness and Margerum were the first to name the 
macrocyclic effect ' while reporting the first quantitative 
study of the relative thermodynamic and kinetic stability of 
terta-aza macrocycles. '°° Subsequent studies on tetrathia 
macrocycles, alkali metal complexes of crown ethers ' 
7 ? 
and various metal ion derivatives of cryptates have 
confirmed the generality of the macrocyclic effect for 
macrocyclic ligands. As compared to linear or branch chain 
polydentate ligands the dissociation of the macrocycle from 
the metal complex is not an easy process. The usual 
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mechanism for displacement of linear and related ligands by 
solvent in acidic solution involves successive dissociation 
of donor atoms of the polydentate ligand, followed rapidly 
by protonation of the dissociated group. The process begins 
at one end of the ligand. A macrocycle has no terminal 
groups. It would then require some profound change in the 
conformation of the chelated macrocycle to occur for the 
displacement process probably by the folding of the 
ligand. This indicates that there is a substantial barrier 
in the v/ay of macrocycle dissociation. Significantly, 
quantitative studies have shown that the rates of 
dissociation of macrocyclic ligands are much more greatly 
retarded than the corresponding rates of complex 
7-3 
formation. 
74 Martell and Hancock have pointed out the fact that 
molecular organization is higher with macrocycles than with 
linear tetradentate ligands. The increased molecular 
organization associated with the macrocyclic ligand will 
raise it to a high energy state with respect to 
conformation, dipole-dipole repulsion and solvation. The 
cost in energy for complex formation can then, in fair 
measure, be prepaid during the synthesis of preorganized 
ligands or hosts^^. The benefit of increasingly rigid 
structures of preorganized ligands presently called 
preorganization^ was earlier labelled multiple 
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juxtapositional fixedness. '^ ^ The extent to which this is 
realized depends on the topology and rigidity of the ligand 
and on the coitiplementarity (size, geometry, electronics) 
with the metal ion of the shape and metric factors. 
Complementarity ' provides the minimal requirements for 
strong affinity while topology and rigidity constraints are 
the design factors available for arbitrarily enhancing 
affinity. 
7R 
Lehn and Sauvage have reported the advantage of the 
cryptate (macropolycyclic) effect on the affinities for the 
hard alkali and alkaline earth metal ions. This macro 
bicyclic ligands exhibit remarkably larger stabilization 
than ordinary macrocycles do. 
Virtually all types of metal ions have been complexed 
with macrocyclic ligands. Complexes of transition metal ions 
BO 
have been studied extensively with tetra-aza macrocycles. 
Naturally occurring porphyrin and porphyrin-related 
complexes have been receiving considerable investigative 
attention.^' ' ° ' Complexes of transition metal ions with 
macrocyclic ligands derived from the Schiff base and 
template-assisted condensation reactions of Curtis and Busch 
are well known. ' These metal ions have been complexed 
with a variety of polyaza polynucleating and polycyclic 
systems. Transition metal complexes with thioether and 
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phosphorus donor macrocycles are also known. The complexes 
of crown ethers ' and cryptands figure prominantly with 
alkali and alkaline earth metal ions. Complexes of actinides 
and lanthanides, although not extensively studied as the 
other transition metal ions, is of considerable 
interest. In all of these complexes, the reactivity of 
ligand and the metal ion is closely associated with the 
ligand framework. 
Recently a great deal of interest has been directed to 
synthesize functionally modified macrocycles. Modified 
ligands, achieved by variation of the heteroatom or ring 
substituents, as well as ring size, can greatly influence 
observed selectivity patterns. The ability of certain 
molecules to bind specifically a closely related species in 
biological systems is of great significance. Macrocyclic 
polyamines are one among such class of compounds that have 
been structurally modified to develop ligands with specific 
properties. 
Until early 1970's, macrocyclic polyamines (e.g. 
cyclam) had been used mostly as chelating agents for 
transition metal ions for study of basic coordination 
on q n 
chemistry. ' They possess some common properties as those 
of nitrogen-containing biofunctional molecules (Figure 1.3) 
such as porphyrins,° peptides (e.g. Gly-Gly-His), '^  or 
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93 94 J biogenic polyamines (e.g. spermine) "^"^' "^^ and even more 
variety of functions. 
0 0 
HN NH^ >-N H ^ ^ N ^ ^ N N, 
1 H 
cyclam porphyrin Gly-Gly-His spGrmine 
Figure 1.3 
The specific properties of macrocyclic polyamines from 
those of other macrocycles arise mainly from the composite 
nitrogen donor and their basicities. One can design highly 
functional molecules by taking full advantages of these 
basic characteristics of macrocyclic polyamines. For 
instance very distorted metal complexes could be constructed 
due to the extraordinary macrocyclic stabilities. Reaction 
intermediates, reaction transition states or extremely 
reactive molecules may also be designed. In other words, new 
metal catalysts of metalloenzyme models may be easily 
tailored from the basic macrocyclic structures. 
Macrocyclic polyamines complex with virtually all kinds of 
metal ions and their complexes are generally so stable that 
they cannot practically be used as selective metal chelating 
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agents. Another disadvantage with the strong complexation is 
the lack of reversibility; i.e. the metal dissociation is so 
slow that recovery of metal ions from complexes is nearly 
impossible. As a consequence macrocyclic polyamines cannot 
be used as membrane carriers for metal ions. 
The secondary amine donors in macrocyclic polyamines 
can synthetically be substituted with amides or with other 
heteroatoms, which may also act as characteristic donors. 
These simple structural modifications would dramatically 
alter the complexing behaviour. An amide group offers two 
potential binding atoms, the oxygen and nitrogen for 
complexation of protons and metal ions. They are planar with 
40% double-bond character in the carbon-nitrogen bond and 
strongly favours the trans form as shown below: 
60V. AOV, e 
Figure 1.4 
A free or ^unconnected' amide is a weak coordinating 
group due to the weakly basic amide oxygen atom and weak 
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acidity of hydrogen. With such weakly basic O-atoms 
(pk -1)97,98 strong metal complexation will not occur at 
that site. The metal ion interaction with the neutral 
nitrogen atom also provides only the weak complexes. On the 
other hand, substitution of a nitrogen bound hydrogen by a 
metal ion should create a very strong bond. However, the 
Qg inn 
very vfeak acidity of hydrogen (pk^ 15) ' implies that 
alkali and alkaline earth metal ions will not effect its 
removal. Transition metal ions promise to be more effective 
in substituting for a nitrogen bound amide hydrogen, but 
they suffer metal ion hydrolysis and precipitation in 
neutral and basic solutions. "^  Therefore, metal ions must 
be capable of substituting a nitrogen bound amide hydrogen. 
To do so in neutral solutions, metal ions require an 
effective anchor (primary ligating site) to inhibit metal 
ion hydrolysis. -^  In macrocycles containing amide bonds 
other donor sites like amine groups within the ring or 
terminal groups function as the primary ligating site. Where 
such sites are not available drastic conditions are needed 
for complex formation. 
A number of complexes have been reported with amide 
group ligands which exhibit diverse coordinating behaviour 
with different metal ions. •^ •^^"•'•^'^  Kimura and Kodama have 
reported detailed studies of macrocyclic polyamines with 
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one-, two-, and three- substituted amide groups-^ ^^  (Figure 
1.5). This class of compounds are known as macrocyclic 
oxopolyamines. Their structures bear the dual features of 
macrocyclic polyamines and oligopeptides. As polyamine donor 
ligands, they have affinities for a broad range of heavy 
R 
X=iY=Z=H2:DA]aneNA 
X-0,Y=Z=H2:monoQKo|1A]ane N« 
X=Y=0,Z=H2:dioxoD4]crie N^ 
X=Y=Z=0.trioxoD41ane N^ 
Figure 1.5 
metal ions and transition metal ions. Certain macrocyclic 
polyamines can enclose alkali and alkaline earth metal 
ions.^ *^ '-'^ '^ In contrast, oligopeptides such as triglycine 
and tetraglycine (Figure 1.6) complex with a very limited 
number of metal ions Cu^ "*", Ni^ "^ , Co^ "*", Pd^ "^  and the complex 
dissociation is easy and fast-'-^ '^-'•^ .^ 
Complexation studies^ -"-' ^ ^' •'••^'^"•^•'••^  with a variety of 
macrocyclic oxo polyamines in reference to oxo-free 
polyamines and peptides have led to the conclusion that, the 
macrocyclic oxo tetraamines, in general, are more selective 
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than oxo-free systems in i n t e r a c t i o n with metal i o n s . Only 
those metal ions such as Cu^ "*", Ni^''', Co^ "*", and Pd^ "*" t h a t can 
X--YrH2 2,3,2-tGi iriglycine teUoglycine 
X--Y--0: dioyo(2^,2)1 et 
Figure 1.6 
displace the protons of peptide nitrogens go into the 
macrocyclic cavity with concomitant dissociation of the 
amide protons (that occurs normally at lower pH than the 
dissociation of peptide hydrogens, yielding stable square-
planar complexes MH_j^ L ). A combination of amide groups 
and soft donors (e.g. sulfur donors) in the macrocyclic 
skeleton accommodates only noble metal ions Pt(II) and 
Pd(II), but not common transition metal ions Cu(II), Ni(II) 
or Co(I I). •'•-^'^'•^•'^^ The stability of the complexes formed 
varies with the ring size, which are more stable than the 
corresponding peptide complexes. The thermodynamic stability 
of the macrocyclic system is suggested to result from the 
unusual slow dissociation (or substitution) rates. It is 
well recognized that organic amide groups stabilize high 
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oxidation states of metal ions when coordinated with the 
deprotonated nitrogens. Like peptide ligands, the oxo 
polyamines can stabilize Cu-^"*" and Ni ions. Replacement of 
an imine by an imide anion additively lowers the redox 
potential E° for M^^^/^^ couples. The macrocyclic ring has a 
•D J. O J. 
profoxind effect on the E° values. The Cu and Ni 
macrocyclic complexes in general are kinetically more stable 
and hence their lives are longer than peptide complexes. 
A fundamental knowledge of macrocyclic oxo complexes have 
been found applicable in the oxygenase model-'--^ ^ and the 
superoxide dismutase model.-^ •'•^ '•'-''-^  Their distinctive 
properties have found wider scope of chemical and 
biochemical application in such fields as selective metal 
ion transport, stabilization of unusual oxidation states of 
119 metal ions, redox enzyme models, or drugs based on their 
1 70 
reactivities. 
All of the macrocyclic oxo complexes studied so far, in 
which the amide protons are displaced, have one or more 
neutral Lewis base ligands such as amines in the ligand. It 
is reasonable to assume that the presence of these strongly 
coordinating or accessible donor groups may be necessary for 
strong chelation. Subsequent deprotonation of the amide 
protons give the stable macrocyclic complexes.-'•°-'- Although 
mono- ,di- ,and tri- amide macrocycles derived from cyclam 
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are now well known, those bearing exclusively amide donor 
groups are quite rare. The possibility of effecting metal 
insertion into polyamide macrocycles free of any accessible 
donor groups is usually difficult, and this has been one of 
the reasons hindering the development of this area. 
Margerum and Rybka have reported the detailed study of 
a macrocyclic tetrapeptide (Figure 1.7a) with 
copper( II)-'•^ •'•"-'•^ .^ This important contribution demonstrated 
that metal insertion to give a tetraamido-N complex is 
possible for a macrocyclic tetraamide. In this system metal 
insertion was performed in the presence of aqueous sodium 
hydroxide and freshly precipitated Cu(0H)2. Similar approach 
adopted by Collins and co-workers for effecting metal 
insertion into macrocyclic tetraamides (Figure 1.7b and 
1.7c) reported by them was not successful for any of the 
X X 
'^. 
VCH H N 
N HN ^ 0 
.XJ 
(a) (b) (c) 
Figure 1.7 
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f i r s t row meta l s from chromiuin to copper . They have 
repor ted a d e t a i l e d procedure for coo rd ina t i on of 
tetraamido-N macrocycles to f i r s t row metals chromium, 
ma nganese, ^ 2^'^^^ iron,^^"^ cobalt,^^^ nickel^^^ and 
copper. •'••^^ The key features of their method include the use 
of an anhydrous solvent (THF), low temperatures when bases 
strong enough to decompose THF are employed, strong bases to 
deprotonate the ligand prior to metal addition and the use 
of divalent transition-metal salts which have some 
solubility in THF."'"^ -^  The tetraamido-N ligands are strongly 
donating upon tetradeprotonation and resistant to oxidative 
destruction. The isolation and characterization of several 
higher oxidation state complexes implies that the 
macrocycles possess the property of being compatible with 
strongly oxidizing coordination environments. Such ligands 
would allow the isolation and study of reactive 
intermediates of reaction transition states in catalytic 
homogeneous oxidations. •'•^ '^-^^ 
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CHAPTER I I 
EXPERIMENTAL METHODS : 
In o r d e r t o c h a r a c t e r i z e t h e s t r u c t u r e of c o o r d i n a t i o n 
compounds s e v e r a l p h y s i c o - c h e m i c a l m e t h o d s , i n c l u d i n g 
s p e c t r o s c o p i c t e c h n i q u e s a r e u s e d . I f a s u i t a b l e c r y s t a l can 
be grown s i n g l e c r y s t a l X - r a y s t u d i e s p r o v i d e f i r m 
s t r u c t u r a l e v i d e n c e s i . e . t h e e x a c t d i s p o s i t i o n of t h e 
c o n s t i t u e n t atoms i n a m o l e c u l e . The compounds d e s c r i b e d i n 
t h e p r e s e n t work were c h a r a c t e r i z e d and s t u d i e d by employing 
t h e f o l l o w i n g t e c h n i q u e s : 
1. Infrared spectroscopy 
2. Nuclear Magnetic Resonance Spectroscopy 
3. Electronic spectra (Ultra-violet and Visible) 
4. Magnetic Susceptibility measurements 
5. Electron spin resonance spectroscopy 
6. Molar conductance measurements 
7. Molecular weight determination 
8. Elemental analysis. 
Although a detailed discussion on the theory and 
techniques of various methods are available in text books, 
reviews and monographs it seems appropriate to mention a 
brief account of the techniques adopted in the investigation 
of the compounds described in the present work. 
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Infrared spectroscopy 
Absorption of energy in different regions of the 
electromagnetic spectrum produces different excitations in 
molecules. Infrared radiation corresponds to the energies 
associated with molecular vibrations. A sample exposed to 
continuously changing wavelength of infrared radiation in an 
infrared spectrophotometer absorbs light when the incident 
radiation corresponds to the energy of a particular 
molecular vibration. Typical infrared spectrophotometers 
scan the regions of stretching and bending vibrations. 
Atoms of a molecule vibrate in a variety of ways but 
always at specific quantized energy levels. When a molecule 
absorbs energy from infrared radiation transitions occur 
between the rotational and vibrational energy levels of the 
ground (lowest) electronic energy state. A non-linear 
molecule of n atoms has 3n-6 (or 3n-5 for a linear molecule) 
fundamental or normal modes of vibration. Total symmetry 
about a bond will eliminate certain absorption bands since 
absorption occurs where a change of the dipolar character of 
a molecule takes place. If there is no change it will be 
infrared inactive. For a particular vibration to be IR 
active the following selection rules have to be satisfied. 
1. There must be a change in the dipole moment of the 
molecule as it vibrates. 
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The intensity of an infrared absorption band is 
approximately proportional to the square of the change in 
dipole moment per unit distance at the instant of absorption 
and accordingly, infrared bands are observed usually only 
for unsymmetrical vibrations. 
2. In absorption of radiation only those transitions 
for which change in the vibrational energy level i.e. /sv = 
+1 can occur. Since the vibrations of chemical bonds are not 
pure harmonic vibrations, this selection rule breaks down 
and transitions will take place in which Av is more than 
+ 1. 
In the following paragraphs only those frequencies 
which are relevant for characterization of the present 
compounds will be outlined. 
NH Stretching Vibrations: Primary and secondary amides show 
characteristic bands for the NH modes of vibration-*^ ^^ ' 
which, taken together with the carbonyl absorption bands, 
are usually sufficient to characterize an amide grouping 
with reasonable certainty. Primary amides show two NH 
stretching modes corresponding to asymmetric and symmetric 
motions of the hydrogen atoms, while secondary amides 
usually show only a single absorption, the position of which 
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depends on whether the compound exists in the cis- or trans-
form. Most secondary amides show frequencies corresponding 
to both forms in solution, although that from the trans-
isomer predominates in nearly all cases. Hydrogen bonding 
effects give rise to considerable shifts in the solid state 
and absorptions from both free and bonded NH vibrations can 
often be observed together in concentrated solutions. In 
solid state as well as in non-polar aprotic solvents 
intermolecular hydrogen bonding occurs since there is no 
competition from the solvent. The position of the bonded NH 
absorptions varies with the nature of the hydrogen bonds 
concerned, and there are, for example, differences between 
the NH frequencies of secondary amides bonded in the cis and 
trans forms. 
Simple primary amides show free NH stretching 
absorptions near 3500 cm"-'- and 3400 cm" in dilute solutions 
similar to normal amines. The absorptions for free NH 
stretching modes are observed near 3540-3480 and 3420-3380 
cm"-'- region while for bonded NH groups the doublets appear 
near 3360-3320 and 3220-3180 cm"-'- region. The complex 
pattern observed in solution spectra simplifies in solid 
state spectra suggesting different types of association 
occurring simultaneously in liquid state. 
Simple secondary amides studied under low resolution in 
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very dilute solutions showed only one band in the 3460-3420 
cin"-^  region. For a bonded NH group the absorption band is 
generally observed between 3330-3100 cm"-'- region. The twin 
bands shown by most secondary amides have been assigned to 
the cis-and trans- rotational isomers. It is probable to 
estimate the relative proportions of the two by a comparison 
of their relative intensities. 
C=0 Stretching Vibrations : The reported band frequencies of 
the carbony '-^  group of anhydrides and amides were 
compared for characterization of the newly synthesized 
ligand and their metal complexes. 
It is reported that all anhydrides show two carbonyl 
absorption bands. The position, separation and intensity of 
these depends on whether or not the carbonyls are 
conjugated, and whether they are part of a strained five-
membered ring, as in cyclic anhydrides. For succinic 
anhydride the two carbonyl bands appear at 1871 and 1793 
cm" and for phthalic anhydride the bands are seen at 1854 
and 1779 cm"-'^ . In addition to the carbonyl absorptions, 
anhydrides also show strong bands due to the -C-O-C-
stretching vibration. They are identified by their high 
intensity. The anhydridic band (-C-0-C-) in succinic 
anhydride appears at 1214 and 1057 cm"-^  while for phthalic 
anhydride it is slightly at higher wavelength, ca. 1257 cm" . 
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For amides the y(C=0) stretching band (Amide I) occurs 
at longer wavelength than normal due to the mesomeric 
effect. The y(C=0) stretching vibration and ^(N-H) 
deformation bands couple together to give double bands, the 
higher frequency being predominantly due toV(C=0) stretch 
and lower due to NH deformation. The Amide I band in primary 
amides is generally observed at ca 1690 and ca 1650 cro"-'^  
region,. For secondary amides the Amide I band appears in the 
1700-1660 and 1680-1630 cm"-'- region. In solution the 
frequency varies with both the nature of the solvent and 
concentration. 
The Amide II Band: Primary and secondary amides show a 
second strong band in the 1600-1500 cm"-*- region which is 
absent from the spectra of tertiary amides and also from 
those of smaller cyclic lactams '^. 
In primary amides the Amide II absorption band is 
considered to arise fron NH2 bending motion similar to that 
shown by simple amines in this region. It has also been 
suggested that some form of C-N interaction occurs and the 
vibration may be mixed one, in which, however, the NH 
deformation is likely to be the predominant factor. Various 
reports indicate that for primary amides the band occurs in 
the 1650-1620 cm" region in the solid state and in the 
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1620-1590 cm region in dilute solution, 
The amide II absorption band shown by all secondary 
amides in the region of 1550 cm" (solids) have several 
explanation for its origin. It has been variously assigned 
as an NH deformation mode, a C-N stretching mode and as a 
mixed vibration involving both types of motion. Among the 
different explanations offered, the view proposed by Frazer 
and Price is the most satisfactory and accepted one. They 
assign the amide II band as a mixed vibration arising from 
an out-of-phase combination of OCN and NH vibrations. The 
corresponding in-phase mode, which has primarily a C-N 
stretching character, is assigned to the amide III band. 
Although amide II bands are found to be absent in 
smaller cyclic systems the absorption band is found to occur 
in larger ring systems, in rings of nine or more members. 
Results of several workers show that the amide II band 
observed in solid state fall in the frequency range 1570-
1515 cm"-*-. In solution the amide II band shifts towards 
lower frequencies within the range 1650-1510 cm" . 
Tlje Amide III Band: This absorption band occurs in 
secondary amides in the region 1305-1200 cm" , and is 
usually notably weaker than either of the amide I or II 
bands. As mentioned above the amide III band is also due to 
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a mixed vibration involving OCN and NH modes. 
Other characteristic absorptions of secondary amides 
have been described at longer frequencies but are of less 
diagnostic value. These include out-of-plane NH deformation 
frequency which occurs near 700 cm" and is exceptionally 
broad in the spectra of solids and concentrated solutions. 
This has been termed the amide V absorption by Mizushima 
et.al. Assignments of amide IV and amide VI bands at still 
lower frequencies, near 620 cm"-'- and near 600 cm" , 
respectively, have been made. They have their origins in 
skeletal modes, and are of limited use for characterization 
purposes. 
Amides form both strong complexes with metal ions by 
substitution of the amide hydrogen for a metal ion and 
weaker complexes where the metal ion interacts either with 
the carbonyl oxygen or the neutral nitrogen atom . 
Coordination of the metal ion to the deprotonated amide 
nitrogen is indicated by the absence of U(N-H) stretching 
band in the 3500-3000 cm"-"- region. The presence of a i;(N-H) 
stretching band the frequency of which is lowered by nearly 
100 cm" in the IR of the metal complex when compared with 
the IR of the free ligand is an indication of metal ion 
coordination to the neutral amide nitrogen. The frequency of 
the amide I band remains unaltered in such cases. A 
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positive shift of i>(N-H) band when compared with the ligand 
spectra indicates non-participation of the nitrogen atom in 
coordination. On the other hand, a negative shift in 
amide I and a positive shift in amide II and amide III bands 
indicate coordination through carbonyl oxygen^ '^*. 
Perchlorate stretching vibrations : Infrared spectra of 
ionic perchlorate and perchlorato groups and the effect of 
perchlorate coordination on the infrared spectrum have been 
extensively studied by Hathaway and Underhill. 
Coordination to the metal is detected by the changes in the 
infrared spectrum of ClO^~ as the symmetry is lowered from 
TJ to Co^ to C2y for an ionic, unidentate and bidentate or 
bridging perchlorate, respectively. The changes in the 
symmetry of the anion are reflected in the number and 
intensity of its vibrations. 
Ionic perchlorate has a regular tetrahedral structure 
and belongs to the point group T^ ;^ two of its allowed 
vibrational modes are infrared active. One of these occurs 
as a very broad, strong band with a poorly deformed raximum 
at 1110 cm"-*- and the other at 630 cm" . At 930 cm"-*-, a very 
weak absorption is observed which is theoretically forbidden 
in infrared. 
On monodentate coordination to a metal ion, the 
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perchlorate symmetry is reduced to C^^. Hathaway and 
Underbill demonstrated that the broad, degenerate absorption 
peak present with ionic perchlorate splits into two well-
defined bands with maxima between 1200 and 1000 cm"-^  when 
the perchlorate is coordinated in a monodentate fashion. An 
equally strong band appears between 940 and 890 cm"-'-. 
Perchlorate can also act as a bidentate ligand, 
coordinating through two of its oxygens. When this occurs 
the perchlorate symmetry is further lowered to Q.2y ^ ^^ ^ the 
original broad band of the perchlorate ion is splitted into 
three peaks in the 1200-1000 cm" region as shown by 
Hathaway and Underhill's treatment. The normally forbidden 
band at 930 cm" in the ionic form will now absorb strongly. 
Since the point group of bridging and bidentate 
perchlorate is identical it has proven difficult to identify 
a bridging perchlorate by vibrational spectroscopy alone. 
But this can be solved when infrared specroscopy is used in 
conjunction with other physical methods. 
Metal - nitrogen stretching bands : The M-N stretching 
frequency is of particular interest since it provides direct 
information about the coordinate bonds. Because of the 
relatively heavy mass of the metal and the low bond order of 
the coordinate bond the M-N stretching vibration appear in 
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the lower frequency region. 
The M-N stretching frequency generally appears in the 
700-400 cm" region. The M-N stretching vibrations have been 
assigned m the 410-380 cm -^  region for the [M(en)3]'^  ions 
(M^Zn, Cd, Fe, Ni, Co and Mn) and in the 550-400 cm"-'- region 
for the [M(en)2]^ ''" ion (M=Cu, Pd and Pt) . The V( M-N) 
vibrations for amide group ligands too appear in the 550-400 
cm" region. The Cu(III) complexes of tetraglycine and 
tetraglycineamide exhibit (Cu-N) vibrations at 420 and 
417 cm~ , respectively. Similarly, for a number of copper 
(II) complexes with amide groups ligands the Cu-N stretching 
frequencies were observed in the 500-450 cm"-'- region. 
Metal -halogen stretching frequency : The metal-halogen 
stretching vibration usually occurs in the far IR region 
(400-150 cm" ) . The M-X stretching frequency generally 
increases as the oxidation number of metal increases. It 
-1 O Q 
depends on stereochemistry of the molecule also.-^ -^ ^ It is 
inversely proportional to the mass of the metal. The 
terminal metal-halogen stretching vibrations appear in the 
higher frequency region as compared to bridging M-Cl-M 
stretching vibrations. The bridging stretching vibrations 
are reported-'-^ '^ •'•'^^ to occur below 270 cm"-'- while the 
terminal one is reported to occur in the region 305-290 
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Nuclear Magnetic Resonance 
Nuclear magnetic resonance spectroscopy is one of the 
most useful and versatile physical tools for the 
investigation of chemical problems. 
Nuclei of certain isotopes possess a mechanical spin, 
or angular momentum. The total angular momentum depends on 
the nuclear spin, or spin number I, which may have values of 
O, 1/2, 1, 3/2, (depending on the particular nucleus). 
The numerical value of the spin number is related to the 
mass number and atomic number. NMR spectra are exhibited 
only by atoms with nuclear magnetic moments, i.e. nuclei not 
possessing an even atomic number and an even mass number. 
Nuclei with 1 = 0 have no net spin, therefore, nuclear 
magnetic moment M = 0. Thus, the atoms of H"'-, F-*-^, Cl-^ ,^ O-'-^, 
jjl4^  p31 gj^ j^  Q13 j^^ th nuclear spin quantum number (I > 0) 
yield NMR spectra but C^'^ abd 0^^ (I =0) do not. Only in 
special cases can spectra result from nuclei where 1 ^ 1 
(N14). 
Amides in general show two characteristic signals in 
the proton NMR spectrum, one for the C-H protons and another 
for the N-H protons. Additional peaks are obtained for C-H 
protons contained in different groups. For example the 
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proton resonance signal for acetylene, methylene, alkyl and 
aryl protons generally appear at ca. 5, 3.5, 1.5, and 8 
regions respectively. The N-H proton signal of primary 
amides is often very broad and sometimes even unobservable. 
But for secondary amides it is sharper and appears in the 
region 5-8.5 . The position of N-H proton signal can be 
confirmed by D2O exchange study. 
Deuteration study helps in locating the signal of 
protons which exchange slowly. Protons which exchange 
rapidly give sharp signals (as do non exchanging protons). 
Protons which exchange slowly give separate signals or 
broadened line as they are in more than one environment. 
Hence, protons attached to oxygen(-OH) and nitrogen (>N-H) 
may give sharp or broadened lines depending on the chemical 
structure. Deuteration of the 0-H or N-H protons will result 
in the disappearance of the signal because of the conversion 
of N-H to N-D etc. This is effected by shaking the sample 
with a trace of D2O. 
Electronic Spectra (Ultra-violet and Visible Spectroscopy) 
Most compounds absorb light somewhere in the spectral 
region between 200 and 1000 nm. The absorption of these 
radiations cause electronic excitation of the molecule to 
higher electronic states. The spectra observed in this 
region are often called electronic spectra. 
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Electronic transitions in metal complexes has been well 
accounted in terms of ligand field theory. Ligand field 
theory provides a simple model for the elucidation of 
structure of transition metal complexes. In a transition 
metal, all the five 'd' orbital viz d^y, d / d^^, d^^ and 
dj^ 2_y2 are degenerate. However, in coordination compounds 
due to the presence of ligands, this degeneracy is lifted 
and d orbitals split into two groups called t2Q (d ,d ^ ^ 
and djj^ ) and e (d22 and d^ z^.y?) in an octahedral complex 
and t2 and e in a tetrahedral complex. The set of t2Q 
orbitals goes below and e orbitals goes above the original 
level of the degenerate orbitals in an octahedral complex. 
In case of the tetrahedral complexes the position of the two 
sets of orbitals is reversed, the e going below and t2 going 
above the original degenerate level. 
In order to interpret the spectra of transition metal 
complexes, the device of energy level diagram based upon 
"Russel-Saunder Scheme" must be introduced. This has the 
effect of splitting the highly degenerate configurations 
into groups of levels having lower degeneracies known as 
'Term Symbols'. 
The orbital angular momentum of electrons in a filled 
shell vectorically add upto zero. The total orbital angular 
momentum (L) is obtained by adding 1 value of the individual 
electrons, which are treated as a vector with the component 
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nil in the direction of the applied field. Thus, 
L=El^-=0 1 2 3 4 5 6 
•• S P D F G H I 
The total spin angular momentum S = Zs^ where s^ is the 
value of spin angular momentum of the individual electrons. 
S has degeneracy equal to 2S+1, which is also known as 'spin 
multiplicity'. 
In general the terms or spectroscopic symbols arising 
from a d" configuration are as follows : 
d^  or d^ : D^ 
d^  or d^  : ^F, ^ P, ^ G, ^D, ^ S 
d^  or d"^  : ^F, '^ P, ^ H, ^ G, ^F, ^D(2), ^F. 
d^ or d^  : ^D, ^H, ^G, ^F(2), ^D, 2p(2), ^I, ^G(2), 
^D(2), ^S(2) 
d^  : ^S, ^ G, "^ F, ^ D, ^ P, ^ I, ^ H, ^G(2), ^F(2), 
^0(3), 2p, ^ S. 
dO or dlO : Is 
Coupling of L and S also occurs because both L and S if non 
zero, generate a magnetic field and thus tend to orient 
their moments with respect to each other, in the direction 
where their interaction energy is least. This coupling is 
known as ^L-S coupling' and give rise to the resultant 
angular momentum denoted by the quantum number J which may 
have quantized positive values from L+S upto to L-S. Each 
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state specified by J is 2J+1 fold degenerate. The total 
number of states obtained from a term is called the 
multiplet and each value of J associated with a given value 
of L is called a component. Spectral transitions due to 
spin-orbit coupling in an atom or an ion occurs between the 
components of two different multiplets. While L-S coupling 
scheme is used for the elements having atomic number less 
than 30, the heavy elements in whose case spin-orbit 
interactions are large and electronic repulsion parameters 
decreases the spin angular momentum of an individual 
electron couples with its orbital momentum to give an 
individual j for that electron. The individual j's couple to 
produce a resultant J for the atom. 
The electronic transition taking place in an atom or 
ion are governed by certain "Selection Rules" which are as 
follows : 
(1) Transition between states of different multiplicity are 
forbidden. 
(2) Transitions involving the excitation of more than one 
electron are forbidden. 
(3) In a molecule which has a centre of symmetry, 
transitions between two gerade or ungerade states are 
forbidden. 
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The ground term of a d'^  system is the one which has the 
highest spin multiplicity and the highest L value. All the 
terms of a given system further split in the presence of a 
ligand-field. Inter-electronic repulsions within a 
configuration give the energies of the terms above the 
ground term. The energies are function of two parameters 
related to electron repulsion. The two parameters may be 
chosen in either the way of Condon and Shortley {F2r F^) or 
in that of Racah (B and C) for d orbital electrons. For the 
first transition series ions the value of C/B is around 4.0 
and B is about 1000 cm" . It is possible to examine the 
effects of crystal field on a polyelectronic configuration. 
The ligand-field splitting due to cubic field can be 
obtained by consideration of group theory. It has been 
shown that an S state remains unchanged, P state does not 
split, a D state splits into two and F state into three and 
a G state into four states as tabulated below. This holds 
for an octahedral (Oi^ ) as well as tetrahedral (T^ )^ geometry. 
s 
p 
D 
F 
G 
• " • 
-
--
-
-
^1 
Tl 
E + T2 
A2 +Ti 
A-^  + E 
+ T2 
+ T^ + T2 
In weak crystal fields the inter-electronic repulsions 
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are leirger. The crystal field may, however, be of comparable 
magnitude (medium strength) or it may be larger than the 
inter-electronic repulsions. 
Correlation diagram for free ion (weak field) strong 
field configuration from d - d for both octahedral and 
tetrahedral cases are available. In addition to the 
qualitative aspects of transition from weak to strong 
crystal-fields it is also necessary to have quantitative 
results available for the interpretation of spectra. The so 
called Tanabe-Sugano diagrams make it possible. In these 
diagrams, the energies of the levels of a d^ system as E/B 
are plotted as the vertical coordinate and the crystal field 
strength in the form of D /B as the horizontal coordinate. 
This diagram requires two parameters B and C for the inter-
electronic repulsions. It can be drawn only if the ratio C/B 
is specified. 
Transition from the ground state to the excited state 
occur according to the selection rules described earlier. 
The energy level order of the states arising from the 
splitting of a term state for a particular ion in an 
octahedral field is the reverse of that for this ion in a 
tetrahderal field. 
Sometimes due to transfer of charge from ligand to 
metal or metal to ligand, bands appear in the ultra-violet 
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region of the spectrum. Such spectra are known as 'charge 
transfer spectra' or redox spectra. For metal complexes 
there are often possiblities that charge transfer spectra 
extend into the visible region to obscure d-d transitions. 
However, these should be clearly discerned from the ligand 
bands which might also occur in the same region. 
The spectra of transition metal complexes may be 
recorded in the solid state as well as in the solution. A 
single crystal may be studied in which case the observation 
of the absorption spectrum is made in different crystal 
orientations and with light polarized in different planes. 
The diffused reflectance spectrum is helpful in 
assigning the possible geometry of the complexes in 
condensed phase. In this technique the sample is ground 
finely and the light reflected from it is examined. It is 
usually advantageous to grind the compound with a suitable 
inert white material, such as magnesium oxide. Minima in the 
reflected light occur at the absorption bands of the 
complex. Unless the grinding is very thorough the band 
obtained in diffused reflectance spectra tend to be broader 
and show less structure than the one recorded in solution or 
as a simple crystal for the same complex. However, often 
diffuse reflectance spectrum is the only method available 
for the study of the spectrum of an insoluble material. The 
spectrum represents plot of relative absorbance against 
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energy. 
Magnetic Susceptibility 
Magnetic data when employed in conjunction with 
electronic spectra of transition metal complexes give 
important informations regarding their structure and 
properties. From the measured magnetic moment values it is 
possible to ascertain the number of unpaired electrons in 
the complexes and hence distinguish spin-paired from spin-
free complexes. Determining the number of unpaired electrons 
can also give information regarding the oxidation state of 
metal ion in a complex. 
Substances can be classified into four distinct classes 
depending on the magnetic behaviour as diamagnetic, 
paramagnetic, ferromagnetic and antiferromagnetic. 
Magnetic effects are of two types, one arising from the 
motion of the electrons regarded as charged particles, and 
the other from the spin and orbital angular momentum of 
these electrons. The first of these effects give rise to the 
phenomenon of diamagnetism and the second to that of 
paramagnetism and its extensions-ferromagnetism and 
antiferromagnetism. 
For determining the magnetic moment of a substance 
magnetic susceptibility is measured from which magnetic 
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moment can be calculated. 
Magnetic s u s c e p t i b i l i t y , may be def ined as the 
r a t i o of i n t e n s i t y of magne t iza t ion ( I ) induced in a 
substance to the s t rength of applied magnetic f ie ld (H). 
X - = k (2.1) 
H 
k is called the magnetic susceptibility per unit volume. 
This is simply related to both the gram susceptibility 
X and molar susceptibility X^ 
k 
\ri = (2.2) 
-' d 
k 
)CM = -M (2-3) 
d 
where d and M are the density and molecular weight of 
the substance. 
The magnetic susceptibility is a dimensionless quantity 
which is positive for paramagnetic and negative for 
diamagnetic substances. However, paramagnetic substances 
have a negative diamagnetic contribution to their net 
susceptibility. So for determining correct magnetic 
susceptibility, a diamagnetic correction is possible. 
Dc corr - "y _ \ / o A \ 
M ~ ^M *^dia (2.4) 
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In general magnetic susceptibility depends on 
temperature, within a certain limit of temperature range 
(20 - 40 K). The dependence of X^^'-'^^ upon temperature is 
given by 
X corr ^ _ _ L „ . (2.5) 
T - 0 
where 0 is Curie - Weiss constant and C is Curie constant. 
Curie constant has the value 
N 
— (^eff)'^' 3k 
where N - Avogadro's number 
k = Boltzman's constant 
^g££ = Effective magnetic moment 
fi = Bohr magneton 
The; effective magnetic moment is a quantity of 
considerable interest to Chemists, which after the 
substitution of the value of the constants can be 
represented as 
A^ eff " 2.84 \/>:„^ °^ .^T (2.6) 
The magnetic moment proportion of any individual atom 
or ion results from the combination of spin moment of the 
electron and the orbital moment resulting from the motion 
46 
of the electron around the nucleus (classical way), however, 
the contribution due to orbital moment is very small. 
For a free paramagnetic ion, the effective moment may 
be calculated from the formula, 
^^ ,ff - g[J(J+l)]V2 (2.7) 
where g = Lande's spectroscopic splitting factor and is 
given by the formula 
J(J+1) + S(S+1) - L(L+1) 
I + (2.8) 
2J(J+1) 
where J,L,S refer to the ground state spectroscopic terms. 
In the compounds of the first transition series the 
orbital contribution to the magnetic moment is almost 
completely quenched by the ligand field. Therefore 
substituting L = 0 and J = S in equation (2.7) and (2.8), 
thereby obtaining g = 2 and the following spin-only formula 
which may be used for appropriate calculation of A'gff 
^I^f^ - 2[S(S+1)]V2 (.^ 9j 
This equation is significant in study of the transition 
metal complexes, because the number of unpaired electrons 
may be correlated with the bonding or structure of the 
complexes. 
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There are different methods like Gouy's method, Evan's 
methods, Faraday method by which the magnetic 
susceptibility can be measured. Faraday method can be 
applied for the samples which are too small for the Gouy 
method. The principle involved depends upon the fact that 
when a material (dv, dm) is placed in an inhomogeneous 
magnetic field of value (H) it experiences a force (dF) 
along the field gradient (dH/dx) at the point dV. The force 
is given by 
dF - H 3c dm dH/dx (2.10) 
Generally, one does not determine each of the constants 
in eguation (2.10) but rather the apparatus is calibrated 
with a primary standard whose susceptibility is known very 
accurately. The gram susceptibility of the unknown sample 
is then calculated from eguation (2.11). 
^ ^  ^std A 
DCg = — - • .>std (2.11) 
where A = gram susceptibility 
Z!iW = change in weight of the unknown sample with 
magnet on and off. 
W = weight of the unknown sample, 
^^std ^ change in weight of standard sample with 
magnets on and off. 
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W^j = weight of standard sample 
^g^^ = Gram susceptibility of the standard sample. 
The magnetic moment is usually expressed in B.M. (Bohr 
Magneton) which may be defined as 
eh 
1 B.M. = (2.12) 
4 nmc 
where, 
e = electronic charge 
h - Planck's constant 
m = mass of the electron 
c = velocity of light. 
The magnitude of A^ gff is then measured using expression 
defined above by equations (2.3), (2.4) and (2.6). 
Electron Spin Resonance 
For an electron of spin s = 1/2, the spin angular 
momentum quantum number can have values of m^ = ±1/2, which 
in the absence of a magnetic field leads to a doubly 
degenerate spin energy state. When a magnetic field is 
applied, this degeneracy is resolved. The low energy state 
has the spin magnetic moment aligned with the field and 
corresponds to the quantum number, m = -1/2, while the high 
energy state, m„ = +1/2, has its moment opposed to the 
field. A transition between the two different electron spin 
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energy states occur upon absorption of a quantum of 
radiation in the microwave region. This absorption 
phenomenon in which radiation of microwave frequency is 
absorbed by molecules possessing electrons with unpaired 
spins is termed "electron spin resonance (ESR). It has been 
designated by other names ^electron paramagnetic resonance' 
and "electron magnetic resonance". 
The enercfy E of the transition is given by 
E - hV = gBH^ (2.13) 
where h is Planck's constant, V the frequency of radiation, 
B the Bohr magneton, H^ the field strength, and g the 
spectroscopic splitting factor. The quantity g is not a 
constant but a tensor quantity. For a free electron g has 
the value of 2.0023. In many free radicals, the g value of 
the odd electron is close to that of a free electron, but 
in metal ions g values are often greatly different from the 
free electron value. In transition metal ions the magnitude 
of g is determined to a large extent by the relative 
magnitudes of the crystal field and spin-orbit coupling. 
Only when there are significant deviations from the free 
electron value, can some information be gained about the 
excited states. 
The g value for a molecule containing the unpaired 
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electron is also dependent upon whether it is in solution 
or in the gas phase or in a crystal lattice. In a solution 
or in a gas phase, g is averaged over all orientations 
because of the free motion of the molecules, but in a 
crystal, movement is restricted. If the paramagnetic radical 
or ion is located in a perfectly cubic crystal site (e.g, an 
octahedral or tetrahedral site) the g value is independent 
of the orientation of the crystal and is said to be 
isotropic. In a crystal site of lower symmetry the g value 
depends upon the orientation of the crystal and is said to 
be anisotropic. The z direction is defined coincident with 
the highest fold rotation axis, which can be determined by 
X-ray methods. The g„ value is equivalent to g,,the g value 
^ II 
obtained when the z axis is parallel with the external 
magnetic field. The g values along the x and y axes are 
g^ and g , which in a tetragonal site are equal and 
referred to as g , the g value obtained with the external 
magnetic field perpendicular to the z axis. If 0 is the 
angle between the magentic field and the z axis, the 
experimental g value is given by the following equation 
for a system with axial symmetry. 
g^ = g2 Cos^e + g^ sin^0 (2.14) 
Small distortions, which go undetected by X-ray 
methods, can sometimes be determined by EPR from the 
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inequality of the g values. 
The absorption signal in EPR spectrum is sometimes 
observed to comprise of several peaks. These arise due to 
interaction of nuclear spin with the electron spin. When an 
unpaired electron comes in the vicinity of a nucleus with a 
spin I, an interaction takes place which causes the 
absorption signal to be split into 21+1 components all of 
equal intensity and equal spacing A. 
When the absorption spectrum is split by n equivalent 
nuclei of equal spin Ij^ , the number of lines is given by 
2nI.+ l.When the splitting is caused by both a set of n 
equivalent nuclei of spin !• and a set of m equivalent 
nuclei of spin I-: the number of lines is given by (2nlj^ +l) 
(2ml- +1). The energy separation between the absorptions is 
referred to as the hyperfine coupling and such absorption 
peaks in the spectrum are referred to as hyperfine 
structure. Hyperfine couplings are measured in gauss and 
often converted to cm~ . 
The selection rules for ESR transitions ar-- A Mj = 0 
and A Mg - ±1- Breakdown of these rules can occur sometimes 
with the result of forbidden lines in the spectrum. 
Transitions associated with AMj = ±1 may be observed in ESR 
spectra involving interactions with nuclei with quadrupole 
moments, i.e, I>1. The effect is seen as weak lines midway 
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between the principal hyperfine lines. 
ESR measurements are usually recorded at X-band 
frequencies because of the convenience of the electronic 
components. Q-band frequencies are used for special, 
applications. Other frequencies, e.g, K- and S- band 
frequencies are also sometimes used. An ESR spectrum is 
commonly presented as derivative curves, i.e, the first 
derivative (the slope) of the absorption curve is plotted 
against the strength of the magnetic field. The ESR spectrum 
can also be represented by plotting intensity against the 
strength of the applied field and the two modes of 
representation are easily interconvertible. 
Molar Conductance 
The magnitude of molar conductance give direct 
information about the ionic and non ionic nature of a given 
compound and is, therefore, considered a simple and easily 
accessible method for the characterization of coordination 
compounds. 
Ohm's law states that current strength I is directly 
proportional to the applied electromotive force (emf, E) 
and inversely proportional to the resistance, R. 
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E 
(2.15) 
R 
The resistance of any uniform conductor varies directly as 
its length (1 cm) and inversely as its area of cross-section 
(a sq. cm) so 
J 
R = p (2.16) 
a 
where 0, a constant for a given conductor is known as the 
specific resistance or resitivity, its units are Ohm cm. The 
specific conductance of any conductor is defined as the 
reciprocal of the specific resistance and may be 
represented by symbol k. The conductance, 'C is defined as 
the reciprocal of the resistance so that by equation (2.16) 
a 
K ohm"^ (2.17) 
I 
Kohlrausch defined a function called the equivalent 
conductivity (A) 
A = 1000 ohm~^cm'2 
c 
where c is the concentration of the solution in gram 
equivalent per litre. 
The following relation is used for determining the 
molar conductance (A^) 
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A 
M 
Cell constant x conductance 
Concentration of solution 
>-3 
(2.18) 
Usually solutions of 1 x 10 -^  M strength are used for the 
conductance measurements. Molar conductance-'- value of 
different type of electrolytes in a few solvent are given 
below 
Solvent Molar Conductance Type of electrolyte 
(Ohm"-'- cm^ mol"-'-) 
Nitromethane 
DMSO 
DMF 
Methanol 
Nitromethane 
DMF 
Methanol 
75 
50 
65 
80 
150 
130 
160 
— 
-
-
-
-
-
— 
95 
75 
90 
115 
180 
170 
220 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
Molecular Weight Determination 
Molecular weight determination i s useful for deciding 
the composition of a molecule . Various methods are 
a v a i l a b l e to determine the molecular weight of a given 
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compound. 
1. Osmotic pressure method. 
2. Sedimentation method. 
3. Light scattering method. 
4. Viscosity method. 
5. Method of freezing point depression. 
The molecular weight of the compounds in the present 
work were determined by the method of freezing point 
J • 145 degression. 
The molecular weight of a solute can be calculated by 
measuring the freezing point depression of a solution of 
known concentration of the solute. For this purpose the 
following equation is employed. 
lOOOKfW 
M = (2.19) 
W AT 
where, 
M = molecular weight of the solute. 
K£ = molal depression c-nstant which is a constant for 
a given solvent. 
/^T = depression in freezing point 
w = weight in grams of the solute. 
W = weight in grams of the solvent. 
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If the molal depression constant of a solvent is 
known the molar mass can be calculated by determining the 
freezing point depression. Two simple methods of determining 
freezing point depression are described below. 
The Beckmann Method : A known weight of the pure solvent is 
placed in the freezing tube of a Beckmann apparatus. It is 
cooled with gentle continuous stirring. Super cooling may 
lower the temperature to 0.5°C below the freezing point. 
Vigorous stirring is then set in when solid starts 
separating and the temperature rises rapidly to the 
freezing point. This temperature which remains constant for 
some tine, is noted. 
The freezing tube is taken out of the freezing mixture, 
warmed to melt the solid solvent and a known weight of the 
solute is added through the side tube. When the solute 
passes into solution, the freezing tube is put back in the 
freezing mixture and the freezing point is redetermined in 
the same manner as before. The difference between the two 
readings gives the freezing point depression. 
Rast Method : A weighed amount of the compound was mixed 
with about 10 times its weight of camphor and the whole 
mixture was finely grinded and some quantity was transferred 
to capillary tube. The point at which the last trace of 
camphor was about to be completely melted, was recorded as 
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the freezing temperature of the solution. The depression of 
the freezing point from that of pure camphor was determined 
with sufficient accuracy and then molecular weight of the 
compound was calculated by using eguation (2.19). 
Elemental Analysis 
The chemical analysis is quite helpful in fixing the 
stoichiometric composition of the ligand as well as its 
metal complexes. The microanalysis of carbon, hydrogen, and 
nitrogen were done at the Central Drug Research Institute, 
Lucknow. The estimation of halogen (Chloride) was done 
gravimetrically. A known amount of the sample was fused 
with a fusion mixture containing KNO3 and K2CO3 in a 
nickel crucible. The mixture was then dissolved in a very 
dilute nitric acid. Silver chloride wa precipitated by the 
addition of an excess of silver nitrate solution to the 
chloride solution. The precipitate was collected in a 
weighed sintered crucible, washed, dried at 100 - 120°C and 
finally weighed as silver chloride. Metal analyses were 
carried out by chelometric titration with standard EDTA.-'-^ ^ 
For the metal estimation a known amount of complex was 
decomposed by the addition of a few drops of a mixture of 
nitric acid, sulphuric acid and perchloric acid and this 
metal solution was titrated against standard EDTA solution. 
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CHAPTER III 
STUDY OF REACTIONS OF THE TETRAAMIDE MACROCYCLES, 
DlBENZO[c,k] [1,6,9,14]TETRA-AZA CYCLOHEXADECANE 
[2,5,10J3]TETRAONE AND [1,6,10,15]TETRA-AZA 
CYCLOOCTADECANE[2,5,ll,14]TETRAONE; SYNTHESIS AND 
CHAR^.CTERIZATION OF THEIR Cr(III), Fe(II), Co(II) AND Cu(II) 
COMPLEXES. 
CHAPTER I I I 
INTRODUCTION 
Metal complexes of macrocyclic l igands have received 
much a t tent ion due to i t s varied chemistry. In developing 
s y n t h e t i c models of b i o l o g i c a l l y important compounds, 
raacrocycles i n c o r p o r a t i n g amide groups have s p e c i a l 
s ignif icance. Macrocyclic compounds bearing amide groups 
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not only show biological activity (e.g. anti-tumour anti-
viral"'-^ and hypotensive properties ' ) but are also 
able to form inclusion complexes with uncharged molecules as 
neutral hosts. •^ •^^ '-^ ^^  Cyclic teraamides are reported to act 
as key intermediates in the splitting of water by visible 
1 48 light xising iron-sulfur chelates as in photosynthesis. 
There are numerous reports on the coordinating 
behaviour of amide group ligands towards metal ions. Amide 
groups provide two alternate binding sites, the oxygen or 
the nitrogen atom for complexation of metal ions. 
Macrocycles incorporating both amide donor groups and other 
donor sets like amine and sulfur groups have been both 
extensively studied. However, studies on the metal complexes 
of macrocycles bearing exclusively amide donor sets are 
limited. This may be due to the reason that the preparation 
of ring compounds through amide bond formation is usually 
difficult. •'•^^ Moreover the difficulty of effecting metal 
insertion into polyamide macrocycles free of accessible 
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donor atoms has also been one of the primary obstacles 
hindering the development of this area. It therefore 
prompted me to initiate the synthesis of macrocycles bearing 
amide groups and observe their reactivity towards metal 
ions. 
Only few research groups have explored the chemistry of 
macrocyclic ligands containing exclusively amide donor 
groups. Margerum and Rybka reported ' the copper 
chemistry of macrocyclic tetrapeptides, in which metal 
insertion was performed in the presence of aqueous sodium 
hydroxide and freshly precipitated Cu(0H)2. Similar 
synthetic method adopted by Collins and co-workers for 
effecting metal insertion into tetraamides prepared by them 
were not effective. They have reported an alternative 
procedure which includes the use of an anhydrous solvent 
(THF), low reaction temperatures, strong bases to 
deprotonate the ligand prior to metal addition and the use 
of divalent transition-metal salts which have some 
solubility in THF. 
This chapter describes the results of the studies on 
the reactivity of the macrocyclic tetraamides, dibenzo[c,k] 
[1,6,9,14]tetra-aza cyclohexadecane[2,5,10,13]tetraone, and 
[1,6,10,15]tetra-aza cyclooctadecane[2,5,11,14]tetraone 
(prepared in-situ) with CrCl3.6H20, anhydrous FeClg, 
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C0CI2.6H2O and CUCI2.2H2O. The complexes have been 
synthesized in non-aqueous solvent to restrict the possible 
deprotonation of NH protons to examine its implication on 
the coordinating property of the macrocyclic ligand, and 
overall geometry of the complexes formed. 
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EXPEFd MENTAL 
Reagents used 
Succinic anhydride (BDH, England) and Phthalic 
anhydride (E.Merck, India), purified by sublimation, freshly 
distilled 1, 2-diaminoethane and 1, 3-diaininopropane (E.Merck, 
India) were used. The metal salts CrCl3.6H20, anhydrous 
FeCl3, C0CI2.6H2O (S.D.Fine Chemicals, India) and CUCI2.2H2O 
(E.Merck, India) and sodium borohydride (Aldrich) were 
commercially pure samples. Solvents dioxane, methanol, 
hexane and dimethyl sulfoxide were dried before use by 
literature method. 
Physical Measurements 
Elemental analyses (C, H and N) were obtained from the 
Central Drug Research Institute, Lucknow. Molecular weights 
145 
of ligand were determined by ebullioscopic methods. 
Infrared spectra were recorded as KBr discs on a Carl Zeiss 
specord M-80 spectrophotometer, electronic spectra of 
1 mMol solutions in DMSO on a Pye Unicam 8800 (Philips, 
Holland) UV-visible spectrophotometer at room temperature. 
Proton JtJMR spectra were obtained in DMSO-dg on a Jeol - lOOX 
spectrometer using Me^Si as internal standard. ESR spectra 
of polycrystalline samples were obtained at X-band 
frequencies on a Varian E-112 instrument at room temperature 
and liquid nitrogen temperature. The spectra were calibrated 
with diphenylpicrylhydrazyl (dpph; g = 2.0037). Magnetic 
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susceptibilities were determined at 20°C using a Cahn 
Faraday electrobalance and corrected for diamagnetism using 
Pascal constants. Mercury tetrathiocyanatocobaltate was used 
as a susceptibility standard. Electrical conductivity of 1 
mMol solutions in DMSO were measured with a Systronic Bridge 
(India) at room temperature. Metal and chlorides were 
determined volumetrically and gravimetrically, 
respectively. 
Synthesis of Macrocyclic Ligands 
Dibenzo[c,k] [1,6,9,14]tetra-aza cyclohexadecane[2,5,10,13] 
tetraone (L,) : To a vigorously stirred solution of 
phthalic anhydride (1.5 g, 10 mmol) m dioxane (60 cm-^ ) 1,2-
diaminoethane (0.66 cm , 10 mmol) diluted with 10 cm 
dioxane was dropped in portions at room temperature. A white 
precipitate formed which was filtered, washed with benzene 
and hexane and dried in a desiccator for a week, yielding 
1.7g (47%) of the compound, [(I) m.pt. 145°C] 
Recrystallization from methanolic solution gave a light 
yellow coloured microcrystalline sample which gave identical 
spectroscopic and analytical data. 
[1,6,10,15]Tetra-aza cyclooctadecane[2,5,11,14]tetraone 
(Lj): 1,3-diaminopropane (4.2 cm-^ , 50 mmol) in 20 cm-^  
dioxane was added dropwise over 2 hr to a vigorously stirred 
solution of succinic anhydride (5.0 g, 50 mmol) in 250 cm^ 
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dioxane at room temperature. The precipitate formed, 
however, gets converted into colourless liquid on standing 
in air as well as in No atmosphere. The solid compound 
was, therefore, quickly isolated in N2 atmosphere and 
immediately dissolved in 100 cm-^  methanol to obtain a 
standard solution of the macrocyclic ligand, L2(II). A 
known volume of this solution was then used for reactions 
with individual metal ions (vide infra). 
Synthesis of Metal Complexes 
Cr(L2)Cl3 : The ligand L-j^  (0.760 g, 2 mmol) was dissolved 
in 120 cra^  of methanol to obtain a clear solution. To this 
was added a methanolic solution of CrCl3.6H20 (0.533 g, 
2 mmol) and stirred overnight at room temperature. The 
reaction mixture was concentrated to one-tenth of the 
initial volume by slow heating on a water bath and allowed 
to cool in a refrigerator. Dark green precipitate formed, 
which was separated by decanting off the mother liquor, 
washed with minimum amount methanol and dried in vacuo, 
[(III) iri.pt. 320°C, Yield 36%]. 
Fe(L2)Cl2 : The ligand (0.760 g, 2 mmol) dissolved in 
hot methanol and a methanolic solution of anhydrous FeCl^ 
(0.324 g, 2 mmol) were mixed and stirred for 1 hr at room 
temperature. Sodium borohydride (2 mmol, 0.076 g) dissolved 
m methanol (20 cm ) was added in small portions during 
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2 hr. The reaction mixture was refluxed for 3 hr and then 
concentrated to one-fourth of the initial volume to give an 
orange coloured precipitate which was separated by decanting 
off the mother liquor, washed with minimum quantity of 
methanol and dried in vacuo [(IV) m.pt. 280°C decomposed, 
Yield 40-45%]. 
Co(L2)Cl2 : The metal salt C0CI2.6H2O (0.476 g, 2 mmol) 
dissolved in methanol (10 cm^) and ligand (L-^ ; 0.760 g, 
2 mmol) solution in methanol were mixed together and stirred 
at room temperature for 3 hr. The solution was concentrated 
to one-tenth of the initial volume by slow heating on a 
water bath and allowed to cool in a refrigerator overnight. 
Violet-blue opaque crystals formed, which were separated 
from the mother liquor, washed with 2-3 cm portions of 
methanol and dried in vacuo [(V) m.pt. 155°C, Yield 32-35%]. 
Cu(Lj^ )Cl2 : The metal salt CUCI2.2H2O (0.341 g, 2 mmol) 
in methanol (10 cm^) and ligand (0.760 g, 2 mmol) dissolved 
in hot methanol (120 cm ) were mixed together and stirred at 
room temperature. There was immediate precipitation of a 
blue compound. Stirring was continued for 3 hr and blue 
precipitate formed was filtered off, washed with methanol 
and hexane and dried in desiccator [(VI) m.pt. 192°C, 
Yield 36-40%]. 
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Cr(L2)Cl3 : A methanolic solution of CrCl3.6H20 (0.533 g, 
2 mmol) was mixed with 5 cm aliquot of L2 (ca. 2 mmol, vide 
supra) diluted in 30 cm methanol, and stirred at room 
temperature overnight. The reaction mixture was concentrated 
to one-tenth of the initial volume and cooled at 4°C. Pale 
green precipitate formed was isolated from the mother 
liquor, washed with few 3 cm portions of methanol and dried 
in vacuo [(VII) m.pt. 254°C, Yield 32-35%]. 
Fe(L2)Cl2 : To a 5 cm aliquot of L2 (ca. 2 mmol, vide 
supra) diluted in 30 cm methanol was added a methanolic 
solutioa of anhydrous FeCl3 (0.324 g, 2 mmol). To the 
stirring solution sodium borohydride (0.076 g, 2 mmol) in 
methanol (20 cm^) was added in several portions over a 
period of 2 hr. The reaction mixture was refluxed for 3 hr. 
The solution was concentrated to one-fourth of the initial 
volume. An orange compound precipitated was filtered off, 
washed with methanol and dried in desiccator [(VIII) 
m.pt. 294°C, Yield 42-45%]. 
Co(L2)Cl2 : The metal salt C0CI2.6H2O (0.476 g, 2 mmol) in 
methanol (10 cm^) and 5 cm aliquot of ligand (L2; ca. 
2 mmol) were mixed together and stirred at room temperature 
for 3 hr. The deep blue solution was concentrated on a water 
bath to one-tenth of the initial volume and allowed to cool 
at 4°C overnight. Bright blue precipitate formed was 
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separated from the parent solution by decantation, washed 
with minimum amount methanol and dried in vacuo [(IX) m.pt. 
199°C, Yield 36-40%]. 
Cu(L2)Cl2 : 2 mmol of the ligand, L2 (5 cm-^  aliquot) 
diluted in 30 cm-' methanol, and methanolic solution of 
CUCI2.2H2O (0.341 g, 2 mmol) were mixed and stirred at room 
temperature for 3 hr. A blue coloured compound formed which 
was filtered off, washed with methanol and hexane and dried 
in a desiccator [(X) m.pt. 194°C, Yield 45%]. 
RESULTS AND DISCUSSION 
The ligand dibenzo[c,k] [ 1,6,9,14]tetra-aza cyclo-
hexadecane[2,5,10,13]tetraone (L^) has been obtained in fair 
yield as white amorphous solids from the reaction of 
phthalic anhydride with 1,2-diaminoethane in 1:1 mole ratio 
in dioxane under high dilution at room temperature. The 
experimentally determined molecular weight of the ligand 
(372) agrees with its molecular formula arising from the 
combination of two molecules each of phthalic anhydride and 
ethylenediamine (calcd mol. wt = 380). The analytical data 
(Table 3.1) are also consistent with the stoichiometry of 
the ligand. The ligand is insoluble in common organic 
solvents and is only soluble in water, hot methanol, DMSO 
and DMF. The macrocycle [1,6,10,15]tetra-aza cyclooctadecane 
[2,5,11,14]tetraone (^ 2) could not be isolated as solid 
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compound from the reaction mixture (succinic anhydride and 
1,3-diaminopropane in 1:1 mole ratios in dioxane) at room 
temperature. The compound formed was apparently unstable in 
air and even in dry N2 atmosphere.The solid compound was 
therefore quickly filtered, washed in dry N2 atmosphere and 
immediately dissolved in 100 cm methanol to give a standard 
L2 solution. A known volume of this solution was then used 
for reactions with individual metal ions (vide supra). The 
analytical data of the solid compound could not be obtained 
owing to its unstable nature. However, its metal inclusion 
compounds as represented in Figure 3.1 were fairly stable 
(vide infra). 
The important bands observed in the IR spectrum of the 
ligand (L-,) are assignable to the characteristic J/>(N-H) 
amide I, amide II and amide III frequencies (Table 3.2). 
However, the characteristic l> {-C-0-C-) and i>(C=0) 
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stretching frequencies for phthalic anhydride reported as 
a singlet at 1287 and a doublet at 1854 and 1779 cm"-'", 
respectively, disappeared in the spectrum of L-^. The 
appearance of a single i^ (N-H) stretching frequency is 
indicative of the presence of secondary amide functions 
(-CO-NH-) in L-j^ . The other fundamental vibrations like 
V{C-E), V{C=C) and V (C-C), appeared at the appropriate 
positions. The IR spectrum of L^ recorded as neat sample 
exhibited broad bands, probably due to its viscous nature, 
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which were assignable to the -CO-NH- group frequencies 
(Table 3.2). The electronic spectrum of L-j^  in DMSO contained 
a band cit 430 nm (23,255 cm"-^). This is assignable to 
the excitation-^ ^^  of non-bonded electrons at carbonyl oxygen 
to an antibonding orbital (i.e. n — > n transition) of 
the amide moiety. Thp •'•H NMR spectrum of L^ recorded in 
DMSO-dr showed a broad signal at 4.7 ppm due to the N-H 
proton (supplemented by its disappearance after D2O 
exchange) along with -CH2-N- and CgH^- proton signals at 3.3 
and 7.4 - 7.7 ppm respectively in 1:2:2 integral ratio. 
These data are consistent with the formulation of the ligand 
L-j^  as shown in Figure 3.1. 
c — N N—c: 
0^ "U" \ 
n* 
n = 2or3 
Figure 3.1 
The ligand L2 as well as L2 reacted with metal ions 
giving stable solid compounds where the metal and ligand are 
in 1:1 stoichiometry, consistent with the observed 
analytical data. The molar conductivities^ "^ "^  measured in 
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DMSO suggest that excepting the Cr(III) and Co(II) complexes 
all complexes behave as a non-electrolyte in the solution 
(Table 3.1). The molar conductance values of the cobalt 
complexes of L^ and Ly suggest their behaviour as 1:1 and 
1:2 electrolytes while the Cr(III) complexes behave as 1:1 
electrolytes. The analytical and molar conductance data are 
consistent with the stoichiometry of the complexes as shown 
in Table 3.1. 
The complexes were soluble only in the coordinating 
solvents like H2O, alcohol, DMSO and DMF. The Co (II) 
complexes, which produces a blue colour in DMSO results in a 
pink colouration in hydrated solvents indicating a change in 
geometry from a low coordination number (4 or 5) in non-
aqueous to a six-coordinate geometry in hydrated solvents. 
Moreover, addition of pyridine to the DMSO solution of 
Co(II) complexes gave a colour change to pink, and 
electronic spectra that were nearly identical to that 
reported for octahedral Co(II) complexes, augmenting the 
above suggestion. 
The IR spectra of the complexes (Table 3.2) show 
absorption bands due to y(N-H) stretching vibration which 
is shifted to lower frequency by ca. 40 cm" when compared 
to the ligand spectrum. Amides form strong complexes with 
metal ions usually by substitution of the amide hydrogen for 
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a meta] ion and weaker complexes by interaction with the 
carbonyl oxygen or the neutral nitrogen atom. The presence 
of N-H absorption bands in the spectra of the complexes 
indicate that there is no deprotonation of the amide 
nitrogens.'-^-^^ The amide I bands remains practically 
unchanged in the spectra of the complexes enabling to assume 
that the metal ion is involved in weak coordination with the 
amide nitrogen centres. The coordination through amide 
nitrogens is further supported by the presence of U{M-H) 
bands in the 400-500 cm" region in addition to the 
y(M-Cl) stretching frequencies in the 280-360 cm" region 
of the spectra of the complexes. •'• The other fundamental 
vibrations like y(C-H), 1^ (C=C) and i;(C-C) appear in the 
appropriate regions of the spectra which do not seem 
important to be discussed in detail. 
The electronic spectra of the metal complexes in DMSO 
(1 mMol) show spectral bands assignable to d-d transition, 
charge transfer bands, and n — > n transitions 
characteristic of the ligand. In complexes the n — > n 
transition of the ligand is generally blue shifted, however, 
in some cases it is being obscured by the strong CT band. 
The visible-region spectrum of [Cr(L)Cl2] (L - L^ or 
L2) shov/s two bands near ca. 17,000 cm ^ and 21,700 cm 
region assignable to the '^A2q(F) >'^T2g(F) and 
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A2g(F) >'*T2Q(F) transitions, respectively, arising from 
an octahedral environment around the metal ion. The third 
spin allowed transistion A2„(F) > T2Q(P) observed in 
Cr(III) octahedral complexes occurs above 30,000 cm"-^  and is 
probably obscured by the strong broad charge transfer band 
at ca. 36,300 cm" in the present case. The observed 
magnetic moment values ca. 3.4 B.M. (Table 3.3) are slightly 
lower than the theoretically estimated value (3.87 B.M.) for 
three unpaired spins on Cr(III). The ESR spectra recorded 
at RT for the Cr(III) complexes gave an isotropic spectra 
(9iso ^ ^^' 1-^S) which is consistent with a Cr(III) ion in 
-1 c p I R Q 
an octahedral field with rhombic distortion. ^ ' 
The Fe(II) complex of the macrocycles L^ and L2 were 
obtained by the reaction of the corresponding macrocycle 
with anhydrous FeCl3 in the presence of a reducing agent, 
NaBH^ and then concentrating the resulting solution to 
obtain an orange coloured precipitate. The molar conductance 
value suggests the complexes are non electrolytic in 
nature. The electronic spectrum of Fe(L2)Cl2 show three 
bands at 12,048, 24,630 and 36,10] cm"-*- region. The 
Fe(L2)Cl2 complex too exhibit three bands at 11,379, 24,527 
and 35,149 cm" region. The low frequency band in both the 
cases is attributed to the ^^2^ >^ E transistions"'-^ '^•'•^ ^ 
while the second and third absorption frequencies may 
tentatively be assigneed to CT and (n — > n ) transitions. 
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respectively, on the basis of the observed band intensities. 
The A'giff values (5.2 - 5.3 B.M., Table 3.3) correspond to 
the calculated spin only value for a high-spin octahedral 
complex. •'•^' The ESR signals for Fe(II) complexes were not 
observable due to the fact that the absorptions are too 
broad to be detected at room temperature. 
The molar conductance measured in DMSO indicate that 
the Co(L-,)Cl2 is a 1:1 electrolyte, whereas the Co(L2)Cl2 is 
a 1:2 electrolyte suggesting the molecular formulae as 
[Co(L-, )C1]C1 and [Co(L2)]Cl2, respectively. The electronic 
spectra of the Co (II) complexes of L-j^  and L2 in DMSO 
(1 mMol) suggest that the central metal is in two different 
environment in Co(L2)Cl2 and Co(L2)Cl2. 
The electronic spectrum of [Co(L-j^  )C1]C1 contained four 
distinguishable bands (Table 3.3) : a sharp and very strong 
band m the UV region at 31,58 6 cm characteristic of 
L-j^  >M charge-transfer excitation, a broad absorption 
maximum at 28,571 cm due to the n — > n of the ligand and 
two relatively weak bands at 14,771 ard 16,393 cm"-^  region. 
The last two bands agree in both frequency and intensity 
with those obtained for other five-coordinate cobalt(II) 
complexes with square pyramidal geometry. The observed A^ gff 
value for the complex is 3.34 B.M., which is higher than the 
range reported for a low-spin square pyramidal complex 
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(2.2 - 2.3 B.M.), but the magnitude is lower than that 
expected for a high-spin regular square pyramidal 
cobalt (II) complex (/J^ff = ^-^ B.M.), where all the five 
donor atoms are identical, giving a C^^ symmetry similar to 
that reported ^^^ for the 1:1 adduct of 2,6-lutidine-l-oxide 
with bis(acetylacetonato) cobalt(II). It has been concluded 
by previous authors-"-^ ^ that the magnetic moment is towards 
the high side (ca. 5 B.M.) for a high-spin square pyramidal 
complex with high symmetry, but the magnitude is expected to 
decrease as the symmetry (particularly that within the basal 
plane) is reduced. Five coordinate cobalt(II) 
complexes-^^-^ of the type [C0L2X]"'" (where L = AP, 
diphenyl(o-diphenylarsinophenyl) phosphine, or SeP, diphenyl 
(o-methyl selenophenyl) phosphine and X = CI, Br or I) 
exhibit magnetic moments ( l-^^ff = ca 2.5 B.M.) consistent 
with one unpaired electron on the d2 2 orbital of the metal 
ion (with considerable orbital contribution) and the ground 
electronic state is ^A2(G). These complexes exhibit three 
well-defined absorption bands below 22,000 cm"-^  
arising from the transitions b2 > a^ (ca. 7000 cm"-"-), 
e —> a^  (ca. 13,000 cm"-*-) and a-j^  > h-^ (ca. 21,000 cm"-'-). 
The middle band (at 13,000 cm"-^ ) sometimes splits into two 
components as a result of the removal of the degeneracy 
caused by reduction from C^^ symmetry, i.e. a distortion 
from C^^ symmetry. The low energy band near 7000 cm"-^  has 
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not been observed in the present complex as this lies beyond 
the range of our instrument and the bands observed at 14,771 
and 16,393 cm"-"- (Table 3.3) are probably the split 
components of the e — > a-j^  transition, similar to that 
+ reported for [C0AP2X] . The high energy band expected 
near 22,000 cm has probably merged with the n —> n 
transition of the ligand observed as a broad maximum. These 
data indicate that [Co(L2)Cl]Cl is a low-spin square 
pyramidal cobalt(II) complex with a considerable distortion 
from the perfect C^^ symmetry, probably due to an axial 
ligand asymmetry. The extent of apical bond lengthening is 
known to affect the spin multiplicity. •'• The possibility 
that the system is halfway between the high-spin and low-
spin states cannot be ignored, similar to that suggested-*-" 
for bis(isothiocyanato) [N-(2-(diphenyl phosphino) ethyl)-
N',N'-diethylethylenediamine] cobalt(II), which also has a 
magnetic moment value of 3.6 B.M. at 298 K. It is therefore 
most appropriate to suggest that the axial distortion 
accompanying the high-spin to low-spin interconversion, 
toge<-her with the rigidity of the macrocyclic ring occupying 
the basal plane, permits an elongated square pyramidal 
geometry for the [Co(L-|^  )C1] CI with the electronic 
configuration as (e)^(b2) (a-j^) . 
Fo r the [Co(L2)]Cl2 complex a ligand field band at 
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14,970 cm" have been observed which corresponds to 
A2(F) >'*T-,(P) transition in a distorted tetrahedral 
geometry. •'•^^ The lower energy transition A2(F) > Tj(F) 
(ca. 5000 - 9000 cm""^ ) could not be observed as it lay 
beyond the range of our instrument. The magnetic moment 
(4.15 B.M.) is consistent with the high-spin state of the 
Co(II) ion in a tetrahedral geometry. 
The polycrystalline samples of [Co (L-j^  )C1] Cl and 
[Co(L2)]Cl2 did not show any ESR signal even down to liquid 
nitrogen temperature, suggesting that the spin state of the 
solid compounds remain high. Low-spin cobalt(II) 
complexes ' show an ESR signal even at room 
temperature, consistent with an axial symmetry in the 
molecule. 
The electronic spectra of [Cu(L)Cl2] ( L = L^ or L2) 
recorded in DMSO (Table 3.3) showed two well resolved maxima 
in each case. The high energy band is apparently concerned 
it 
with the ligand transition (n — > n ) with a blue shift 
after complexation, whereas the broad weak band 
(d-d feature) characterstic of the E^_, > T,_, transition 
y ^y 
from the d configuration (Cu ) in an octahedral 
geometry. •'^ •^^  The observed Mgff values are slightly lower 
than the theoretically estimated value for one unpaired 
Q 
spin, I.e. a d configuration of the metal ion. The X-band 
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ESR spectra of the microcrystalline samples of [Cu(L)Cl2] 
(L = L| or Ly) exhibited signals consistent with an axial 
symmetry (g > g ) in the molecule. This suggests that the 
djj2_v2 is the ground state with the d^ (Cu'^  ) 
configuration, ^ ^^ i.e. (eg)"^  (^ig)^ (^2g)^ (^Ig)^' ^° 
hyperfine splitting was observed due to the fact that the 
paramagnetic centres are not diluted. 
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Table 3.1 Analytical and Molar Conductivity Data of the ConpoLnds. 
'/. Conpasition 
Caiptxrris A._ 
H N H CI m 
^ 4 
(I) £3.17 5.20 14.63 
C j j ^ ^ O , (63.16) (5.26) (U.74) 
[Cr(U,)cycl ( I I I ) 47.66 3.92 11.09 10.27 21.09 
CgQHj^ ^O^CrClj (47.71) (3.96) (11.13) (10.34) (21.15) 55.66 
[Fe(l_,)cy (IV) 47.28 3.93 10.99 11.01 13.92 
C^LpN^O^FeCl^  (47.54) (3.94) (11.04) (11.02) (13.99) 9.07 
[Co(L)CUCl (V) 46.45 3.65 10.84 11.85 13.32 
O^ COCI^  C2(^^0,CoCU (47.06) (3.92) (10.96) (11.55) (13.90) 53.65 
(VI) 46.75 3.74 10.68 11.80 13.64 [Cu(L,)Cl2] 
C^^p^^O^Cua^ (46.65) (3.88) (10.88) (12.35) (13.78) 35.46 
[ C r ( y c y c i (VII) 38.56 5.49 12.86 11.93 24.40 
C^ H^^ N^^ O C^rCLj (38.62) (5.52) (12.87) (11.95) (24.45) 59.31 
[Fe(l^)cy (VIII) 38.23 5.44 12.73 12.^ 16.13 
S 4 " 2 4 W ^ ' - 2 ^^-^^ ^ -^^ ^^ '^^ •^^ ^^  ^''^•'^^ '^'^ •''^ ^ ^ ' ^ 
2^ [Co(y]CU (IX) 37.95 5.39 12.61 13.31 16.02 
2:i'V4 2 
[Cu(L^)cy (X) 37.49 5.31 12.51 14.19 15.82 
C^ H^j^ N^ O^ CuCL^  (37.58) (5.37) (12.53) (14.22) (15.88) 22.45 
Calculated values in parentheses Ohm an mol 
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Table 3.2 ]jrportant IR Absorption Bands (cm ) and the i r Assiginents 
Conpomds V(N-H) Amide I Amide II Amide III V(M-N) V(H-CL) 
4 
Cr(U,)CL2 
(I) 
(II) 
32aOs 
3390s, br 
(III) 3230s 
167Dv/s 
16«X/s 
1630s 
1600s 
1660br 
1580s 
1560s 
15«>ii 
1510m 
1540s 
1520m 
133Qs 
127Ds 
lAIOn 
1390m 
U10s,br A30 310 
Fe(L, )Cl (IV) 32SOs 1660sh 1560s 1390s,br ^M 320 
1640m 1540s 
Co(U)CU (V) L, L2 
(^ (U, )cu (VI) 
Cr( 
3350m 
3250m 
3300m 
3220m 
L-)CL (VII) 3340m,br 
1760s 
1700s 
ITDOs 
1620s 
1655s 
1630s 
16GOs 
1550s 
1560s 
1550s 
1540m 
1520m 
1380s 
1310s 
1380s 
1320s 
1420s 
1390m 
450 350 
470 340 
450 360 
Fe( ycL^ (VIII) 3540m,br 1660s 1540s 1390s,br 440 
1620m 1510sh 
320 
Co(L-)CL 
aj(L2)CL 
(IX) 
(X) 
3320, br 
3330s 
3320sh 
1660s 
1640s 
1650s 
1630s 
155Ct!i,br 
1560s 
1540s 
142011 
1390sh 
1420m 
1400m 
450 
490 340 
recorded as neat sample 
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Table 3.3 /i ,,(B.M.) and ELectrcnic Spectral Data of the Oxparris and their Assigrents. 
Ccnpards Colour g values 
9„ 9. 
^eff Band Position Assiyments 
(B.H.) an (£) 
L, (I) Wiite 
Cr(Lj)Cl2 ( I I I ) Dark Green 
1.99 
23,256(144) (n —> n) 
3.A2 17,271(29) ^V" ~'^V^ 
21,739(31) V (F) —> S^ (F) 
36,363(1674) C.T. 
Fe(L^)Cl2 (IV) Orange 5.3 12,048(184) 
24,630(1383) C.T. 
36,101(753) ( n — > n*) 
Co(U| )CL (V) Violet blue 3.34 14,771(74) 
16,3g3(39sh) 
28,571(145) 
31,586(545) 
e - > a ^ 
e - > a j 
(n —> n ) + (a. —> b j 
C.T. 
Cu(l^ )CL2 (VI) Blue 2.26 2.06 1.40 11,000(81) 
28,755(590) g * 2g (n — > ;T ) + (C.T.) 
Cr(L2)CLj (VII) L i ^ t green 
1.97 
3.41 17,265(64) 
21,874(54) 
36,254(1285) 
V (F) —> V (F) 
C.T. 
Fe(L2)Cl2 (VIII) Orange 5.27 11,379(44) 
24,527(1218) 
35,149(1541) 
2g g 
C.T. 
* 
(n — > 77 ) 
Co(L2)Cl2 (IX) Deep Blue 4.15 14,970(168) 
35,068(1785) 
^/(^(F) —> \(P) 
C.T.+(n — > n ) 
Cu(l^)Cl2 « ) Blue 2.19 2.07 1.74 13,669(220) 
35,855(2174) g , 2 g * C.T.+(n — > n ) 
3 -1 -1 £ = chi mol an 
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CHAPTER IV 
STUDY OF REACTIONS OF THE TETRAAMIDE MACROCYCLES, 
[1,6,9,14]TETRA-AZA CYCLOHEXADECANE[2,5,10,13] TETRAONE 
DIHYDROCHLORIDE AND DIBENZO[c,l ] [1,6,10,15]TETRA-AZA 
CYCLOOCTADECANE[2,5,ll,14]TETRAONE; SYNTHESIS AND 
CHARACTERIZATION OF THEIR Cr(III), Fe(II), Co(II) AND Cu(II) 
COMPLEXES 
CHAPTER-IV 
INTRODUCTION 
The new tetraamide macrocyclic ligands reported in 
Chapter III are found to form stable coinplexes with a 
variety of first row transition metal ions in which the 
-CO-NH-- entity is retained. In all the complexes formed, 
coordination of the metal ion through the amide nitrogens of 
the neutral ligand is most favoured. One of the features of 
the synthetic method for the ligands is that the macrocyclic 
ring can be prepared in one step in a high yield without 
using template metal ions. The same method is expected to be 
useful for the synthesis of a series of macrocycles having 
different ring sizes and substituents. This chapter 
describes the synthesis of two new tetraamide macrocycles 
[1,6,9,14]tetra-aza cyclohexadecane[2,5,10,13]tetraone 
dihydrochloride (L3.2HCI) and dibenzo[c,l] [1,6,10,15] 
tetra-aza cyclooctadecane[2,5,11,14]tetraone (L^), and their 
reactivity towards Cr(III), Fe(II), Co(II) and Cu(II) ions. 
The new compounds isolated have been characterized using the 
physico-chemical methods as have been described in 
Chapter II. 
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EXPERIMENTAL 
Reagents Used 
Succinic anhydride (BDH, England) and phthalic 
anhydride (E.Merck, India), purified by sublimation, freshly 
distilled 1,2-diaininoethane and 1,3-diaminopropane (E.Merck, 
India) vfere used. Hydrochloric acid (BDH, India) sodium 
borohydride (Aldrich) and sodium perchlorate (Loba Chemie) 
were of reagent grade. The metal salts CrCl3.6H20, anhydrous 
FeCl3, C0CI2.6H2O (S.D. Fine Chemicals, India) and 
CUCI2.21190 (E Merck, India) were commercially pure samples 
and used as such. All solvents were dried before use by 
literature method. 
Physical Measurements 
The IR spectra were recorded as KBr discs on a Carl 
Zeiss specord M-80 spectrophotometer. The proton NMR spectra 
were obtained in D2O on a Brucker AC 200E spectrometer with 
TMS as an external reference. Electronic spectra of 1 mMol 
solution in DMSO were recorded on a Pye-Unicam 8800 
(Philips;, Holland) UV-visible spectrophotometer at room 
temperature. The magnetic susceptibility measurements were 
made at room temperature on a Cahn Faraday electrobalance 
and corrected for diamagnetism using Pascal's constants. 
Hg[Co(NCS)^] was used as a susceptibility standard. 
Electrical conductivity of 1 mMol solutions in DMSO was 
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measured with a Systronic Bridge (India) equilibrated at 
25 + 0.01''C. X-band ESR spectra of powder samples were 
recorded on a Jeol JES RE2X ESR spectrometer at room 
temperature. 
Molecular weights of ligands were determined by Rast 
method and cryoscopically. The results of elemental analyses 
were obtained from the Central Drug Research Institute, 
Lucknow, India. Metal and chlorides were determined 
voliimetrically and gravimetrically, respectively. 
Synthesis of the Tetraamide Macrocycles 
[1,6,9,14]Tetra-aza cyclohexadecane[2,5,10,13]tetraone 
dihydrochloride (L2>2HC1): To a solution of 1,2-
diammoethane (0.66 cm , 10 mmol) in water (5 cm ), 
o 
hydrochloric acid (1 cm ) was added dropwise over a period 
of 1 hr and stirred for another 1 hr at room temperature. 
The solution was further diluted with 30 cm dioxane and to 
this was added in portions succinic anhydride (1.0 g, 
10 mmol) dissolved in dioxane at intervals and stirred for 
6 hr at room temperature. The white crystalline product 
formed was filtered, washed with dioxane and hexane, and 
then dried in a desiccator [(XI) Yield 1.3 g (37%), m.pt, 
292°C]. 
Dibenzo[c,l] [1,6,10,15]tetra-aza cyclooctadecane 
[2,5,11,14]tetraone (L^): 1.5 g of phthalic anhydride 
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•3 
(10 nunol) was transferred into a 500 cm round bottomed 
•a 
flask and dissolved m excess dioxane (60 cm ) . 1,3-
"3 -a 
diaminopropane (0.84 cm , 10 mmol) diluted with 10 cm'^  
dioxane was added dropwise over a period of 1 hr to the 
dioxane solution of phthalic anhydride upon vigorous 
stirring at room temperature. There was immediate 
precipitation of milky white compound which was stirred for 
another 3 hr to ensure the completion of the reaction. White 
precipitate formed was filtered on a frit, washed with 
dioxane and hexane, and dried in a desiccator for a week 
[(XII) Yield 2.4 g (49%), m.pt. 238°C]. 
Cr(L3) (0104)3 • '^ ^^  ligand L3.2HCI (0.714 g, 2 mmol) was 
•3 
dissolved in distilled water (5 cm ) and further diluted 
with methanol (15 cm ). A methanolic solution of CrCl3.6H20 
(0.533 g, 2 mmol) was added to the ligand solution and 
refluxed upon stirring for 6 hr. The reaction mixture 
was left standing and then 2 mmol of sodium perchlorate 
(0.281 g) dissolved in methanol was added and reaction 
mixture concentrated to one-tenth of the original volume 
and kept at 4°C. Light green precipitate formed was isolated 
•3 
by decanting off the mother liquor, washed with few 3 cm 
portions of methanol and dried in vacuo [(XIII) Yield 
38-40%, m.pt. 210°C decomposed]. 
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Fe(L3) (ClO,j)2: To a solution of L3.2HCI (0.714 g, 
2 nunol) in water (5 cm-^ ) - methanol (15 citi^) anhydrous FeClg 
(0.324 g, 2 mmol) was added and stirred for 1 hr at room 
temperature. Sodium borohydride (0.076 g, 2 mmol) dissolved 
in methanol (20 cm ) was added at intervals in small 
volumes. The reaction mixture was refluxed for 3 hr and the 
contents were transferred into a 100 cm beaker. Sodium 
perchlorate (0.281 g, 2 mmol) was added and solution was 
concentrated to one-fourth the initial volume. Orange-red 
precipitate formed was filtered, washed with methanol and 
dried in vacuo [(XIV) Yield 40-42%, m.pt. 278°C]. 
Co(L3)Cl2 : 2 mmol of L3.2HCI (0.714 g) was dissolved in 
•3 •a 
a mixture of water (5 cm ) - methanol (15 cm ) taken m a 
•3 
100 cm beaker. A methanolic solution of C0CI2-61120 (0.476g, 
2 mmol) was added and the reaction mixture was stirred 
overnight at room temperature. The resulting blue solution 
was concentrated to one-tenth of the initial volume and 
cooled at 4°C. Deep blue opaque crystals formed were 
separated from the parent solution, washed with little 
amount of methanol and dried in vacuo [(XV) Yield 32-35%, 
m.pt. 262°C]. 
Cu(L3)Cl2 : To a solution in water (5 cm ) - methanol 
(15 cm^) of the ligand, L3.2HCI (0.714 g, 2 mmol), 
CUCI2.2H2O (0.341 g, 2 mmol) dissolved in methanol was added 
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and stirred at room temperature for 3 hr. Orange yellow 
precipitate formed was filtered on a frit, washed with 
methanol and hexane, and dried in a desiccator [(XVI) Yield 
47-49%, m.pt. 229°C]. 
Cr(L^)Cl3 : The ligand L^ (0.816 g, 2 mmol) was taken in 
120 cm hot methanol to get a clear solution. To this clear 
methanolic solution CrCl3.6H20 (0.533 g, 2 mmol) was added 
and stirred overnight at room temperature. The reaction 
mixture was; then concentrated to half of the initial volume 
and cooled to obtain a pale green compound which was 
filtered, washed with methanol and hexane, and dried in a 
desiccator [(XVII) Yield 42-45%, m.pt. 340°C]. 
Fe(L^)Cl2 : The ligand L^ (0.816 g, 2 mmol) dissolved in 
hot methanol (120 cm-^), a methanolic solution of anhydrous 
FeCl3 (0.324 g, 2 mmol) were mixed together and stirred for 
1 hr. Sodium borohydride (0.076 g, 2 mmol) dissolved in 
20 cm-^  methanol was added at intervals in small volximes 
with continuous stirring. The reaction mixture was stirred 
for ca. 3 hr and then concentrated to nearly one-fourth the 
initial volume. Orange-red precipitate formed was filtered 
and isolated as described in the above procedure. [(XVIII) 
Yield 40-42%, m.pt. 300°C decomp]. 
Co(L4)Cl2 : A methanolic solution of C0CI2.6H2O (0.476 g, 
2 mmol) and L^ (0.816 g, 2 mmol) dissolved in hot methanol 
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(120 cm ) were mixed and stirred overnight at room 
temperature. The solution was then concentrated to one-tenth 
the initial volume which gave a bright blue compound which 
was isolated in the same manner as above. [(XIX) Yield 
40-42%, m.pt. SIO^C decomp]. 
Cu(L4)Cl2 : To a solution of L^ (0.816 g, 2 mmol) 
dissolved in hot methanol (120 cm^), CUCI2.2H2O (0.341 g, 
2 mmol) was added and stirred at room temperature. Immediate 
precipitation of blue compound occurred, stirring was 
continued for additional 3 hr to ensure completion of the 
reaction. Blue precipitate was filtered off, washed with 
methanol and hexane [(XX) Yield 42-45%, m.pt. 186°C]. 
\ H/~\H / 
,C N N — C 
0 0 
L,.2HCl 
C N N C 
C—-N N C 
Figure 4.1 
RESULTS AND DISCUSSION 
The tetraamides (L3.2HCI) and (L^) shown in Figure 4.1 
were prepared by the condensation reaction of 1,2-
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diaminoethane dihydrochloride with succinic anhydride and 
1/3-diaminopropane with phthalic anhydride, respectively, in 
1:1 mole ratio. The cyclization reactions proceeded smoothly 
to give satisfactory yield of the ligands which were fairly 
stable to be isolated as amorphous white solids. The 
experimentally determined molecular weight which is 360 for 
L3.2HC1 (calcd. 357)and 394 for L^ (calcd. 408) and their 
analytical data (Table 4.1) agree well with the 
stoichiometry of the ligands. The ligands were not soluble 
in any common organic solvents but were only sparingly 
soluble in DMF, DMSO and in hot methanol. The ligands 
afforded metal complexes whose stoichiometry is in 1:1 metal 
to ligand ratio evident from their analytical data (Table 
4.1) All the complexes are insoluble in common organic 
solvents but are soluble in DMF and DMSO. The low values of 
molar conductance-'^  "^^ for Fe(II) and Cu(II) complexes 
indicate a non electrolytic behaviour. However, the molar 
conductivities of the Co(II) complexes (XV and XIX) lie in 
the range for a 1:2 electrolyte (Table 4.1) in DMSO while 
complexes (XIII and XVII/ behave as 1:1 electrolytes 
suggesting their formulation as shown in Table 4.1. 
The IR spectra of the ligands show absorption 
bands-^ -^ '^•'••^ •^  that are assignable to the characteristic 
);(N-H), amide I, amide II and amide III frequencies 
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(Table 4.2). The disappearance of characteristic V(-C-O-C-) 
and i'(C=0) stretching frequencies of the anhydrides-^ -^  and 
appearance of i/(N-H) stretching, and low frequency V(C=0) 
stretching bands between 1650 and 1550 cm'-'^  region in the 
ligand spectra are indicative of the presence of secondary 
amide functions (-CO-NH-) . •'^•^^ The spectrum of (L3.2HCI) 
showed a broad band of medium intensity centered at 
3195 cm~-'-,the range reported for i>(N-H) stretch whereas L^ 
exhibited a strong band at 3290 cm" . However, for L2.2HCI 
it was not possible to differentiate between the bands due 
to NH and NH2^ stretching frequencies because of the 
broadening of the bands.-^  In the complexes of L^ the 
i^ (N-H) band is shifted slightly to lower frequency while 
the amide band remained unaltered. No significant change was 
observed in the spectra of complexes of (L3.2HCI). The 
presence of N-H absorption bands in the spectra of the 
complexes indicate that there is no deprotonation of the 
amide nitrogens, '^  and that the coordination to metal 
ion is through the nitrogen atom of the neutral amide 
centres as evidenced by the presence of 1>(M-N) stretching 
vibrations in the 400-500 cm"-^  region. The bands in the 
280-350 cm"-^  region of the spectra of the complexes (Table 
4.2) are attributed to i)(M-Cl) stretching vibration. The IR 
spectra of (XV) and (XVI) show well defined absorption bands 
at ca. 1130, 1100 and 900 cm"-'- region charactersitic of 
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i;(Cl-0) stretching vibrations of ClO^-^^^'^^^ coordinated to 
metal ions in a monodentate manner. The IR spectrum of 
(XIII) shows an additional band at 625 cm"-'^  which may be due 
to the presence of an uncoordinated perchlorate ion.'^ ^^  The 
other fundamental vibrations like i>(C-H), y(C=C) and 
i;(C-C) appeared in the appropriate regions of the spectra. 
The H^ NMR spectrum of L-^.2liCl exhibited signals at 
2.14-2.22 and 3.12-3.24 ppm both as triplets assignable to 
-CO-CH2- and -N-CH2- protons, respectively, while for L^ 
three resonance signals were observed at 1.5-2.00, 3,4-3.7 
and 7.2-7.5 ppm as triplet, triplet and multiplet (w.r.to 
external TMS) due to -CH2-/ -N-CH2-and CgH^- protons, 
respectively. However, the spectrum did not show amide 
proton signal which may be due to an exchange ^^^ with the 
solvent D2O. 
The UV spectra of the ligand in DMSO show bands 
characteristic of the n — > n transition that resulted from 
the excitation " of non-bonded electron at carbonyl oxygen 
to an antibonding n orbital of the amide moiety. The 
electronic spectra of the metal complexes in DMSO (1 mMol) 
show mainly three bands assignable-"-^ ^ to d-d transitions, 
charge transfer bands and n — > n* transitions of the 
* 
ligand. In the complexes the ligand bands (n — > n ) are 
blue shifted and in some cases obscured by charge transfer 
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bands when compared to the UV spectra of the ligands 
(Table 4.3). 
The electronic spectra of the complexes Cr(L3)(ClO.)^ 
and Cr(L4)Cl3 show absorption bands at ca. 16,800 and ca. 
21,600 cm"-^  assignable, respectively, to the transition 
4A2g(F) >^T2g(F) and 4A2g(F) >4T-^ g{F) characteristic 
of an octahedral structure.-^^^ Furthermore, a strong broad 
charge-transfer band has been observed around 36,000 cm"-^  in 
these complexes. It is quite possible that the spin allowed 
transition 4A2g(F) >4T-,^  (P) for Cr(III) octahedral 
complexes expected above 30,000 cm"-*- has been obscured by 
the strong charge transfer bands in the present complexes. 
The observed I^Qff values are close to the theoretically 
-1 C T 
estimated value (3.87 B.M.) for three unpaired spin,-^  i.e. 
d^  configuration of the metal ion. The ESR spectra recorded 
at room temperature for polycrystalline samples of the 
Cr(III) complexes gave an isotropic spectra (giso ~ ^^' 
1.95) indicating an octahedral field about the Cr(III) with 
large rhombic distortions.-'•^ '^-'•^ ^ These data in conjunction 
with the molar conductance"'-'*'^  value agree with an octahedral 
structure for the Cr(III) complexes. 
Electronic spectra of the Fe(II) complexes (XIV, XVIII) 
gave rise to three bands at ca. 11,460, 24,800 and 36,000 
cm-^ The 36,000 cm"^ band is comparable in intensity and 
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position to that of n — > n transition of the ligand. ^  
The position of the low energy band (11,600 cm" ) is 
attributed to the ^T2Q >^Eg transitions-^ ^^ '-^ ^^  expected 
for d configuration of metal ion in an octahedral geometry. 
The Mpff value (4.98 B.M.) for the Fe(II) complex (XIV) is 
slightly lower than the calculated spin-only value for a 
high-spin octahedral complex possibly due to an 
antiferromagnetic interaction. ^ However, magnetic moment 
value for the Fe(II) complex of L^ corresponds to the 
expected value for a high-spin octahedral complex. The 
observed magnetic moment values for the Co(II) complexes (XV 
and XIX) nearly corresponds to three unpaired spins ruling 
out a square planar environment around the cobalt(II) ion. 
The ligand field spectra, however, contained d-d bands at 
ca. around 14,800 cm" which may be attributed to the 
A2(F) >'*Ti(P) transition of a tetrahedral configuration 
around Co(II). It is quite possible that there is 
considerable distortion from a square planar geometry 
leading towards a tetrahedral environment which may be the 
consequence of a low mametic moment value observed for the 
complexes from that expected for a high-spm d 
configuration (spin only value calcd. 5 B.M.) in a 
tetrahedral environment. The ESR signals for Fe(II) and 
Co(II) complexes were not observable due to the reason that 
the absorptions are too broad to be detected at room 
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1 C;Q 
t empera ture . ' ' 
The e lec t ron ic spectra of Cu(L3)Cl2 and Cu(L^)Cl2 show 
a broad maxima at 11,198 and 13,775 cm~^, respect ive ly , due 
t o Eg ^ "^ 20 c h a r a c t e r i s t i c of o c t a h e d r a l environment 
q 
around d configuration. There is an appreciable distortion 
from perfect octahedral geometry in the Cu(II) complexes 
supported by ESR studies (vide infra). The observed /^ eff 
values for the Cu(13)012 and Cu(L4)Cl2 complexes, 1.74 and 
1.52 B.M., respectively, correspond to the theoretically 
estimated value for one unpaired spin. The ESR spectrum of 
Cu(L3)Cl2 as solid samples at RT is isotropic (g^go ~ 2.185) 
probably due to free rotation of the tetragonally distorted 
cations in the crystal lattice. •'• However, polycrystalline 
samples of Cu(L^)Cl2 gave an anisotropic spectum (g,= 2.19 > 
g = 2.07) at RT. This suggests"'-^ '^•'^ ^^  that the unpaired 
electron is in the d 2_v2 molecular orbital with 
considerable distortion from octahedral geometry in the 
Cu(II) complexes. 
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Table A,1 ArHlytical and Molar Conductivity Data of the CcnpoLnds 
Conpxnd 
L .^2HCl 
L4 
'2^A^^ 
[Cr(L^)(CLO^)2]ClO^ 
S2V4°16^^^'3 
[Fe(l^)(ClO^)2] 
S2^A°12f^'2 
[Co(l^)]CL2 
S2VA^4' 
[Cu(L^)Cl2] 
S2VA^^4' 
[Cr(L^)cyCl 
y^A°4^^^4, 
[Fe(L^)cy 
y^m^^4' 
[Co(L^)]Cl2 
C22>^,NAC0CL, 
[Cu(L )^CL2] 
y^4V4^4 
(XI) 
(XII) 
(XIII) 
(XIV) 
(XV) 
(XVI) 
(XVII) 
(XVIII) 
(XIX) 
(XX) 
C 
«).12 
64.68 
(64.71) 
22.63 
(22.68) 
27.19 
{27.22) 
34.76 
(34.78) 
34.31 
(34.37) 
49.67 
(49.72) 
49.26 
(49.34) 
49.(B 
(49.07) 
48.52 
(48.62) 
7. 
H 
6.09 
(6.16) 
5.81 
(5.88) 
3.11 
(3.15) 
3.74 
(3.78) 
i,.77 
(4.83) 
4.72 
(4.77) 
4.48 
(4.52) 
4.44 
(4.49) 
4.44 
(4.46) 
4.39 
(4.42) 
Conposition 
N 
15.64 
(15.68) 
13.64 
(13.72) 
8.78 
(8.82) 
10.55 
(10.59) 
13.52 
(13.53) 
13.30 
(13.36) 
10.53 
(10.55) 
10.46 
(10.47) 
10.38 
(10.41) 
10.30 
(10.31) 
M 
-
8.14 
(8.19) 
10.54 
(10.56) 
14.19 
(14.23) 
15.14 
(15.17) 
9.72 
(9.79) 
10.41 
(10.44) 
10.92 
(10.95) 
11.68 
(11.70) 
CI 
-
16.71 
(16.75) 
13.41 
(13.42) 
17.11 
(17.15) 
16.91 
(16.94) 
20.01 
(20.03) 
13.23 
(13.27) 
12.11 
(13.19) 
13.02 
(13.07) 
K 
-
57.15 
8.74 
98.00 
25.26 
61.40 
2.71 
94.72 
Z3.06 
Calculated vsilues in parentheses Ohm cm irol 
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Table A.2 Inpcirtant IR Absorption Bands (an ) and their Assiyment 
Ccrpoird U(N-H) Amide I Amide 11 Amide H I V(n-N) V(lt-Cl) 
S .2HCI (XI) 3195m,br 1590/s ISlOsh ISWs 
156(X/s 1490s 1310s 
(XID 32905 1630s 1560sh 1370s 
1530s 1320W 
Cr(L_)(ClO,) A'3 (XIII) 3200m,br 1600tn,br 1510m 13«>n 
1310W 
ISO 
Fe(l^)(ClO,) 4'2 (XIV) 3195II1 1590s 
1560s 
1500s 1350m 
1310m 
IM 
(i3(L_)CL (XV) 3195m,br 1590ni,br ISIOn 1350m 
1320W 
iM 
Cu(Lj)CL2 
Cr(L^)CL 
Fe(L,)CL 
Co(L^)CL 
(AJ(L,)CL 
(XVI) 3190m 1575m 150Chi 133Qii 
(XVII) 3260s,br 1630s 1520s 1«»s 
(XVIII) 3245s,br 1630s 1535vs 1390s,sp 
(XIX) 3260s,br 1620s 1530s,br 1390s 
(XX) 3270s 1610s,sp 1520s,br 1«X)s,sp 
3230W 
480 
420 
460 
440 
47D 
340 
280 
340 
-
330 
^(ClO^) 1140,1100,910,625; ''(CLO^) 1130,1100,900 
95 
Table 4.3 u ,,(B.M.) and Electronic Spectral Data of the Conponds and their Assignents, 
Carpounds Colour g values Ijefi Band Position Assignnents 
(B.H.) cm (e) 
s .2HCI (XI) Wiite 
(XII) Wiite 
32,«5(1396) (n —> n ) 
34,/;61(1547) ( n — > n ) 
Cr(Lj)(ClO^)j (XIII) Pale Yellow 
1.97 
3.57 16,734(57) 
21,529(45) 
35,923(1186) 
4 4 
* (F) —> T., (F) 7L (F) —> T, i^Tg 4 2g 
C.T. 
' ^ ^ " - > ^1g^^ > 
Fe(Lj)(CLO^) (XIV) Orange 4.90 11,468(58) 
36,495(1410) 2g ^ * C.T. + (n —> n ) 
Co(Lj(Cl) (XV) Blue 4.12 14,815(311) 
35,264(1914) 
A2(F) —> T^,(P) 
C.T.—> (n —> n*) 
aj(L^)Cl2 (XVI) Orange 
yellow 2.18 
1.74 11,196(301) 
35,367(2118) g 2g * C.T. + (n —> n ) 
Cr(L )^CL2 (XVII) Pale green 
1.93 
3.6 16,949(130) 
21,623(126) 
36,101(1243) 
V (F) —> V (F) 
4 ^ 4 2g 
\ ( " - > \ ( " 
C.T. 
Fe(L,)C .^) l2 (XVIII) Orange 5.45 11,461(58) 
24,876(1634) 
35,336(1634) 
2g 9 
C.T. 
(n — > n ) 
Co(L )^Cl2 (XIX) Blue 4.3 14,771(167) 
35,129(1349) 
^AjfF) —> \(P) 
C.T. + (n —> n) 
aj(L^)Cl2 (XX) Blue 2.22 2.07 1.52 13,775(223) 
35,842(2056) 
g ^ 2g * 
C.T. + (n —> n ) 
3 -1 -1 6 = (in mo I on 
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CHAPTER V 
ELECTROCHEMICAL INVESTIGATION OF THE REDOX 
PROPERTIES OF COBALT(II) AND COPPER(II) COMPLEXES 
OFTHE16-MEMBEREDMACROCYCLE DIBENZO[c,k] [1,6,9,14] 
TETRA AZA CYCLOHEXADECANE[2,5,10,13]TETRAONE 
CHAPTER V 
INTRODUCTION 
Amides form strong complexes with metal ions usually by 
substitution of the amide hydrogen for a metal ion and 
weaker complexes by interaction with the carbonyl oxygen of 
the neutral nitrogen atom. The linear dioxotetraamine, 1,9-
q -I 
Diamino-3,7-diazanonane-4,6-dione, forms the neutral amide 
ionized complex [Cu(L -2H] in aqueous medium at pH 8. 
17 0 17 1 
Tripeptides such as glycylglycylglycine ' '-^  or 
glycylglycyl histidine ^ show a similar mode of 
coordination to copper through the two terminal donors and 
the two deprotonated amide nitrogens in similar aqueous 
alkaline media. It has been recognized that organic amide 
groups stabilize high oxidation states of metal ions when 
101 17'? 
coordinated with the deprotonated nitrogen. "-^ '-^ '-^  The 
•3 J. O J. 
uncommon oxidation states of Cu and Ni are reported to 
be stabilized by coordination to deprotonated amide nitrogen 
donors. The electrode potentials for Cu( III/II) •'•^^ and 
Ni(III/II)-^^^ peptide complexes have been determined to seek 
the thermodynamic factors fjr stabilization of M relative 
to M^"*". Kodama and Kimura have reported thermodynamic 
stabilization of Cu^'^ and Ni in aqueous solution using 
macrocyclic oxo polyamines with varying ring size, the M 
in macrocyclic complexes being kinetically more stable than 
M in open-chain peptide complexes. A broad class of 
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macrocyclic oxo polyamines has been extensively studied. 
The redox properties of these systems being a composite 
function of the size of the aperture, number of amide 
functional groups, type of appended substituents and the 
number and type of donor atoms. 
In the previous chapters, studies on the reactivity of 
macrocyclic tetraamides(L^-L^) towards transition metal ions 
have shov/n that in all of the macrocyclic metal complexes 
discussed, the metal ion is coordinated to the amide 
nitrogen centres without deprotonation. Due to the 
involvement of neutral nitrogen atoms in coordination, their 
ligand fields are weaker compared to those of other 
polyamide macrocycles ^ ' where imide anions are involved 
in coordination. This would have a marked thermodynamic and 
kinetic effect on the redox behaviour of the macrocyclic 
metal complexes under present investigations. Deprotonated 
amide nitrogens appear compatible with a Cu /Cu couple 
while the other donor atoms such as amino, oxygen, and 
sulfur with the Cu^ '^ /Cu"'" couple. ^ °^ 
This chapter describes the results of the cyclic 
voltammetric investigations of the electrochemical behaviour 
exhibited by the Co(II) and Cu(II) complexes of dibenzo[c,k] 
[1,6,9,14]tetra-aza cyclohexadecane[2, 5,10,13]tetraone, in 
solutions. 
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EXPERIMENTAL 
The technique of cyclic voltammetry (CV) involves 
cycling the potential of an electrode, which is immersed in 
an unstirred solution, and measuring the resulting current. 
The effectiveness of CV results from its capability for 
rapidly observing redox behaviour over a wide potential 
range. Cyclic voltammetry provides the technique to study an 
electroactive species generated during the forward scan and 
then probing its fate with the reverse scan and subsequent 
cycles, all in a matter of seconds or less. The time scale 
of the experiment is adjustable over several orders of 
magnitude by changing the potential scan rate enabling some 
assessment of the rates of various reactions. Modern 
instrumentation enables switching potentials, V and scan 
rates U{Vs~ ) to be easily varied. 
The important parameters of a cyclic voltammogram are 
the magnitudes of the anodic peak current (ipg) and the 
cathodic peak current (iy^n)' and the anodic peak potential 
(E ) and cathodic peak potential(E). 
The formal reduction potential (E°) for a reversible 
couple is centered between E and E 
^pa ^ ^pc /c -. X 
£0 = — t : H — (5.1) 
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The number of electrons transferred in the electrode 
reaction (n) for a reversible couple can be determined from 
the separation between the peak potentials, which at 25°C is 
0.059 
Ep - E - Ep^ = (5.2) 
n 
For a reversible redox couple the values of i and i 
should be of comparable magnitude. That is 
The peak current for a reversible system increases with 
/ and is directly proportional to concentration. 
However, the ratio of peak currents can be significantly 
influenced by chemical reactions coupled to the electrode 
process. Increasingly rapid scan rates allow less time for 
the chemical reaction to occur between the positive and 
negative scans. In fact, for sufficiently fast scan rates 
the effect of the chemical reaction becomes negligible and 
ip^/i approaches unity. 
Electrochemical irreversibility is caused by slow 
Wm Melange of tKe redox species with the working 
electrode and is characterized by a separation of peak 
Instrumental Method 
Cyclic voltammetric measurements were performed by 
using a PAR model 370-4 electrochemistry system; 174A, 
polarographic analyser; 175, universal programmer; and RE 
0074, x-y recorder. Potentials are recorded in DMSO at room 
temperaturfj relative to a saturated calomel reference 
electrode (SCE) and are uncorrected for liquid junction 
potentials. The working electrode was platinum and the 
supporting electrolyte was tetrabutylammonium perchlorate. A 
sealed all-glass cell was used and all measurements were 
made under a dry nitrogen atmosphere. The auxiliary 
electrode, which consisted of a platinum flag sealed in soft 
glass, and the reference electrode were separated from the 
working solution by means of a fritted bridge filled with 
the same solvent and supporting electrolyte. The potential 
of the ferrocene-ferrocenium couple was used for 
calibration. 
Materials 
The ligand dibenzo[c,k] [ 1, 6 , 9,14]tetra-aza 
cyclohexadec:ane[2,5,10,13]tetraone (L-,^) and its Co(II) and 
Cu(II) conplexes synthesized as described in Chapter III 
were used for the electrochemical studies. 
Tetrabutylammonium perchlorate was of analytical grade and 
used as such. All solutions (lO"^ mol dm"^) of supporting 
electrolyte and solute were prepared from distilled DMSO. 
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RESULTS AND DISCUSSION 
The electrochemical oxidation and reduction potentials 
of the present tetraoxo tetraaza (tetraamide) complexes with 
Co-'^-'^  ions have been measured in DMSO using platinum 
electrode vs. SCE at room temperature at a scan rate of 0.05 
as well as of 0.1 Vs~ . Complete scanning in the range of 
+0.65 to "1.2 V for the [Co(L-^)Cl]Cl complex (V) gave the 
voltammogram shown in Figure 5.1. It exhibited two 
irreversible cathodic waves at -0.88 V (C-j^) and -1.14 V 
(C2), and a single irreversible anodic wave at -0.34 V. The 
occurrence of two reduction waves suggests the possibility 
that the reduction of Co^ occurs via two one-electron steps 
+e +e 
(Co^^ > Co^ > Co°), 
while the appearance of only one anodic wave is consistent 
with a one-step two electron oxidation process 
(Co° > Co^^ + 2e~) 
The relative peak heights of the cathodic waves (C^ and C2) 
do not change and are approximately the same if the scan 
rate is changed from 0.05 to 0.1 Vs"-"-, a behaviour expected 
if C-^ represents the [Co"'--'-'-'•] process followed by C2 due to 
the [Co-'^''-^] process. It is therefore unlikely that any mixed 
valence binuclear species is involved in these 
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-0.^  -a 8 
J. JL 
OM 0.0 -O.k 
E/Vvs.SCE 
-0.8 -L2 
Figure 5.1 Cyclic voltammograms of [Cu(Lj)Cl2] (a) and 
[Co(L^)Cl]Cl (b) (10 2 mol dm~^) in DMSO. Supporting 
electrolyte, 10~^ mol dm"-^  Bu^N.ClO^. Scan rate 0.05 ( ) 
and 0.1 V s"^ ( ) 
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electrochemical reductions. The large anodic peak at -0.34 
V, whose peak current remains unaltered with change of scan 
rate, is characteristic of an electrochemically active 
species absorbed on the electrode,^^^ which may be 
considered as cobalt metal. The reduction at -0.8 V is 
probably followed by disproportionation. ^ ^^ Considering all 
the above processes involved the complete electrochemical 
steps in the +0.65 to -1.2 V range can be described by 
Scheme 5.1: 
-0.88 V _ -1.14 V 
[Co(L^)Cl]^ + e" > [Co(L^)Cl] + e > Co° 
2[Co{L-^)Cl] > [Co(L-^)Cl]^ + Co 
-0.34 V 
0 
Co > Co^ "^  +2e' 
Scheme 5.1 
The voltammogram of the [Cu(L-|^ )Cl2] complex (Figure 
5.2) contained cathodic waves at -0.19, -0.55 and -0.75 V 
and anodic waves at -0.38 and +0.43 V. The cathodic peak (-
0.55 V) and the anodic peak (-0.38 V) apparently form a 
reversible redox couple with peak E =.ca.90 mV and peak 
height ratio nearly unity. Slight variations (+4 mV) of peak 
potential separation at different scan rates (0.05 - 0.1 Vs~ 
^) were also observed. Furthermore, both peak heights were 
proportional to the square root of scan rate, V""/^ . These 
features are indicative of quasi-reversible (one-electron) 
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electrochemical redox behaviour and therefore the mid point 
between the two peaks should give a reasonable estimate of 
the electrode potential E°(-0.48 V). This corresponds to the 
one-electron redox step Cu"'--'^  v=- Cu"'- (Scheme 5.2). The 
cathodic peak at -0.75 V is, however, the irreversible one-
electron reduction step Cu > Cu . It is worth noting 
that the normalized cathodic current at -0.55 V, i /V ' , 
increases relative to that of the cathodic peaks at -0.75 V. 
This is probably due to inhibition of the redox step 
Cu — > Cu as the scan rate is enhanced from 0.05 to 
0.1 Vs~ , or some chemical step occurs which removes Cu-'^  
before it can be reduced to Cu . It is unlikely that a mixed 
valence (Cu-'--'-, Cu-'-) binuclear species is involved in the 
present electrode reduction, contrary to the reports of 
Osterberg, where formation of a binuclear (Cu , Cu ) 
complex has been suggested for interaction of Cu with 
triglycine, using constant current electrolysis. The anodic 
wave at +0.43 V is consistent with a one-electron oxidation 
E°, -0.48 V _ -0.75 V 
[Cu(L^)Cl2] ^===--====^ [Cu(L^Cl] + e > [Cu(L^)] 
+0.43 V 
[Cu(L;^ )Cl2] > [Cu(L;^)Cl2]^ + e 
-0.19 V 
[CU(L;L)C12]^ + e" > [Cu(L^)Cl2] 
Scheme 5.2 
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step (Cu^^—>Cu-'^-'^-'^+e~) followed by an irreversible reduction 
step at -0.19 V. The complete electrochemical pathways in 
the present range of study are described in Scheme 5.2. 
It can be seen that the complex [CoLCl]"*" undergoes a 
facile electrochemical reduction process [Co-'^-'-'^] (Scheme 
5.1) while the oxidation process [Co-'--'-'-'^ ]^ does not seem to 
occur. This may be correlated to an uncommon feature of the 
present macrocycle, to stabilize the unusual +1 oxidation 
state of cobalt rather than the +3 state as shown^^'l^° by 
tetra-aza [N^] and dioxotetra-aza (dipeptide) macrocycles. •'•^-'^  
In other words, the present tetraamide macrocycle has more 
difficulty in encompassing the smaller Co"'^-'^  ion suggesting 
that its cavity size (or hole size) is bigger than the 
tetra-aza macrocycles which usually stabilize two smaller 
Co^-^-^ ion.. It is reported that in the progression to 
larger macrocycles, i.e. from [14]N4 to [lejN^, the M — > M 
process is favoured, and complexes of [IGJN^ with M"'^-'^-'^  are 
much less resistant to solution decomposition than the 
analogous [14]N^ complexes. It is worth noting that the 
reduction potential (-0.88 V) for the [Co"'--'-'-'• ] process 
(Scheme 5.1) is close enough to that reported for the same 
process in the tetraphenylporphyrin system,-^  i.e. -0.80 V. 
The latter is considered as a 16-membered macrocyclic ring 
system possessing imine nitrogen as the coordination centre 
-i p -J I I I 
and shows a preference for the reduction step Co —>Co-^ 
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rather than the oxidation step Co^^ —>Co-'-^ -^ , similar to 
that observed in the present case. This indicates that the 
cavity size of the two ring systems is comparable, although 
the coordinating centre in the present macrocycle is a 
secondary amide moiety. 
The present electrochemical findings for the copper 
(II) complex suggest that the Cu r=- Cu process is 
stabilized by the tetraamide ligand such that there is no 
indication of any disproportionation or decomposition step 
in solution. This is probably new information giving 
electrochemical evidence for stabilization of a low 
oxidation state metal ion by a macrocycle containing amide 
bonds. 
The properties of the Cu(II/I) couple has received 
considerable attention due to the importance of this redox 
couple in enzymes"'-^ .^ The blue (type I) copper proteins, 
various members of which are involved in the photosynthetic 
chain in green plants, exhibit markedly positive 
Cu(II)/Cu(I) redox potentials. •'•^ '^•'•^'^  Many low molecular 
weight copper complexes have been examined to determine to 
what extent both the kinetic and thermodynamic properties of 
the Cu(II)/Cu(I) redox couple are dependent upon geometry 
and/or the presence of soft donor atoms.-^°^ The often 
interrelated factors-^ "^^  which raise the E° of the 
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Cu(II)/Cu(]) couple may be considered to be the following: 
(1) Those which destabilize the Cu(II) species by reducing 
its CFSE, either (a) by decreasing ligand a donor ability 
through the use of donor atoms of low donor power or through 
the use of classically electron withdrawing substituents or 
(b) by constraining the geometry of the metal centre to 
those of low CFSE, which usually favour copper(I) 
conversely; (2) the presence of n acceptor ("Soft") ligands, 
which favour copper(I). Tetrahedral geometry and the 
presence of sulfur donor atoms have both been proposed for 
the blue copper sites. In the present tetraamide macrocyclic 
systems (CuN^) it may be assumed that the low donating 
power of the neutral amide nitrogen centres reduces the CFSE 
of the complex thus stabilizing the +1 oxidation state of 
copper in the complexes. It therefore seems that the newly 
reported tetraaamide macrocyclic complexes of copper are 
important in deducing parallels between the Cu(II)/Cu(I) 
redox potentials exhibited by these ligands and other 
macrocyclic polyamino polythia ether ligand complexes that 
act as models for the blue copper proteins. 
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CHAPTER VI 
SYNTHIESIS, PHYSICO-CHEMICAL CHARACTERIZATION AND 
BONDING CHARACTERISTICS OF DERI VATIZED POLYAMIDE 
MACROCYCLES WITH Co(II), Ni(II) AND Cu(II). 
CHAPTER VI 
INTRODUCTION 
The presence of fused benzo groups and other 
functional groups in the macrocyclic ring is reported to 
reduce the flexibility of the ring system. This would 
exhibit a discrimination mechanism in their coordination 
behaviour by a series of closely related macrocyclic 
ligands which will result in the adoption of different 
coordination geometries for the respective complexes. 
Behaviour of this type may form one of the basis of metal-
ion selectivity exhibited by a series of macrocyclic 
ligands. 
This chapter describes the synthesis of polyamide 
1 8 fi 
macrocycles with fused benzo groups to examine the effect 
of such additional constraints in the macrocyclic ring. The 
present studies have involved an investigation of the 
coordination behaviour of a series of tetraamide 
macrocycles having different ring sizes with selected 
transition and post-transition metal ions. Metal ions such 
as Cr(III), Fe(II), Co(II) and Cu(II) form stable complexes 
with the tetraamide macrocycles (L^ - L^) by forming a co-
ordinate bond through the neutral amide nitrogens. 
Electronic and ESR spectral studies suggest that the 
complexes exist in a distorted geometry due to the 
tetradentate binding requirements of the tetraamide 
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macrocycles. 
EXPERIMENTAL 
Physical measurements were performed as described 
in previous chapters. The diamine, 1,2-phenylenediamine 
(E. Merck) was used as supplied and all other materials 
used were reagent grade samples or purified before 
use as mentioned earlier. 
Preparation of Macrocyclic Ligands 
Dibenzo[g,o] [1, 6, 9,14]tetra-aza cyclohexadecane 
[2,5,10,13]tetraone (Lg) : 
1,2-phenylenediamine (5.4 g, 50 mmol) dissolved in 
dioxane was added in portions over 10 minutes to a 
solution of succinic anhydride (5.0 g, 50 mmol) in 
dioxane. The mixture was heated at reflux for 6 hr . The 
solid formed after washing several times with dioxane 
and methanol was an off white coloured compound [(XXI) 
Yield 35%, m.pt. 210°C]. 
Tetrabenzo[c,g,k,o] [1,6,9,14]tetra-aza cyclohexadecane 
[2,5,10,13]tetraone (Lg) : 
50 mmol each of 1,2-phenylenediamine (5.4 g) and 
phthalic anhydride (7.41 g) in dioxane were mixed and 
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stirred at room temperature for 3 hr. The white 
precipitate formed was filtered, washed with methanol and 
dried in a desiccator [(XXII) Yield 55%, mp, 150 - 154°C. 
Dibenzo[c,k] [l,6^7,9,14^15]hexa-aza cyclohexadecane 
[2,5,8,10,13,16]hexaone (L^) : 
Phthalic anhydride (10.4 g, 70 mmol) dissolved in 
DMF (50 cm ) was added to a warm solution of semicarbazide 
hydrochloride (7.81 g, 70 mmol) dissolved in DMF -
methanol (150 : 100 cm ). The mixture was heated under 
reflux for 6 hr and concentrated to one-tenth the initial 
volume. The resulting solid which was formed was 
isolated and suspended in methanol, decanted to repeat 
the process and finally washed with hexane to yield a 
white amorphous compound [(XXIII) Yield 41%, m.pt. 235°C]. 
Synthesis of Metal Complexes 
Co(L5)Cl2 : The tetraamide macrocycle L^ (0.760 g, 2 mmol) 
was dissolved in warm methanol (80 cm ) and to this 
was added C0CI2.6H2O (0.476 g, 2 mmol) '.,ith stirring at 
room temperature. A bright blue coloured compound 
formed was isolated, washed with methanol and hexane 
and dried over CaCl2. [(XXIV) Yield 42%, m.pt. >340°C]. 
Cu(L5)Cl2 : The copper(II) complex was prepared by a 
similar method as described above using CUCI2.2H2O 
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(0.341 g, 2 mmol). The bright blue coloured complex 
(XXV) melted at 252°C, yield 58%. 
Co(Lg)Cl2 : The ligand Lg (0.952 g, 2 mmol) was 
dissolved in warm methanol (70 cm ) to which a 
methanolic solution of C0CI2.6H2O (0.476 g, 2 mmol) was 
added followed by stirring . The mixture was 
concentrated to ca. 10 cm^ and cooled at 4°C which 
gave a moss green coloured compound. The compound was 
isolated by decanting off the mother liquor, washed 
with very small portions of methanol and hexane, and 
dried in a desiccator [(XXVI) Yield 32%, m.pt. 174°C]. 
Ni(Lg)Cl2 : To a solution of Lg (0.952 g, 2 mmol) 
dissolved in warm methanol was added a methanolic 
solution of NiCl2.6H20 (0.476 g, 2 mmol) and heated under 
reflux for 6 hr. The reaction mixture was concentrated 
to ca. 10 cm^ ^ and cooled at 4°C. A reddish compound 
formed was isolated by the same method described above. 
[(XXVII) Yield 38%, m.pt. 320°C decomp.]. 
Co(L^)Cl2 : The hexaamide L^ (0.628 g, 2 mmol) dissolved 
in warm DMF (10 cm^) solution was mixed with CoCl2-
6H2O (0.476 g, 2 mmol) in methanol. The mixture was 
heated at reflux for 6 hr and solution concentrated 
to ca, 5 cm^. Addition of little methanol, followed by 
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diethylether gave a blue compound which was isolated, 
washed with ether and dried in vacuo. [(XXVIII) Yield 
54%, m.pt. 254°C]. 
Ni(L.^ )Cl2 : The nickel(II) complex was prepared by the 
same method as mentioned above, which gave an yellow 
coloured complex [(XXIX) Yield 56%, m.pt. > 320°C]. 
Cu(L^)Cl2 : The same procedure described above was adopted 
for the preparation of the copper(II) complex except 
that it required the addition of minimum amount of water 
to give a brownish green precipitate of the complex. 
The compound was then washed several times in diethyl 
ether and dried in vacuo. [(XXX) Yield 47%, m.pt. 308°C]. 
RESULTS AlfD DISCUSSION 
The synthetic method involving simple condensation 
reactions between diamines and dicarboxylic acid 
anhydrides were found to be effective in synthesizing 
a number of tetraamide ligands as described in the 
previous chapters. The method can be extended for the 
synthesis of similar polyamide macrocycles in good 
yield. 
The tetraamide ligands L^ (XXI) and Lg (XXII) 
(Figure 6.1) were prepared from 1,2-phenylenediamine and 
a dicarboxylic acid anhydride, succinic anhydride or 
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phthalic anhydride by the method of condensation reaction 
in dioxane solution taken in excess volume. The 
i // 
. / \ Hi . 
X—^N N C 
;c—-N N — c : 
v3 
Figure 6.1 
cyclization reaction of the hexaamide macrocycle L-j 
(XXIII) (Figure 6.2) was carried out in DMF-methanol 
solvent system using phthalic anhydride and 
0, 
0. C 
H 
N — 
N C. 
0 
Figure 6.2 
semicarbazide hydrochloride. The reactions gave 
satisfactory yield of the compounds which were fairly 
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stable to be isolated as amorphous solids. 
The analytical data and molecular weights 
determined by ebullioscopy are consistent with the 
stoichiometry (Table 6.1) of the ligands. The ligands 
are soluble only in DMF and DMSO, and sparingly in 
warm methanol. The analytical data of their metal 
complexes show that the ligands form stable complexes 
in 1 : 1 metal to ligand ratio. The metal complexes 
are insoluble in common organic solvents but are 
soluble in DMF and DMSO. 
The important IR band frequencies relevant to 
the characterization of the macrocyclic ligands and their 
complexes are summarized in Table 6.2. The V(N - H), 
amide I, amide II and amide III absorption bands 
characteristic of secondary amide group were observed 
in the IR spectra of the polyamide macrocycles. The 
V(N-H) bands of Lc and L^ appear comparatively at a lower 
region and in the complexes these bands shift to higher 
frequency indicating the presence of hydrogen bonds and 
-1 o 9 
predominance of cis isomer in the free ligands. The 
presence of hydrogen bonding, however, could not be 
authenticated as the ligands did not dissolve in any 
non-polar solvents like hydrocarbons and halogenated 
hydrocarbons. 
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It is observed that the tetraamide ligand Lg (XXII) 
and L-j (XXIII) behaves in a unique way in their 
coordinating behaviour by forming different geometries as 
compared to the complexes of other tetraamide 
macrocycles. The macrocylic ligands (h-^ - L^) did not 
show any reactivity towards Ni(II) while Lg and L^ 
readily formed a Ni(II) complex. The IR spectra of the 
complexes, however, show all modes of vibration 
characteristic of the free ligand and also indicate a 
tetradentate mode of coordination by the macrocycle through 
the neutral amide nitrogen centre to the metal ion. The 
presence of L'(N-H) and y(M-N) band frequencies is 
indicative of the participation of the nitrogen atoms in 
coordination. 
The solution conductivity data of all the complexes 
except that of Cu(II) complexes (XXV and XXX) in DMSO 
(1 mMol) indicate that these complexes are electrolytic by 
nature in solution. •'•^^ The Cu(II) complexes exhibit a non-
electroJytic behaviour. The electronic spectral data of 
the metal complexes in 1 mMol solution of DMSO are 
summarized in Table 6.3. The UV region of the spectra of the 
metal complexes in general contained absorption bands due 
to ligand transition (n > n*) which were exemplified 
by the spectra of the corresponding ligands and their zinc 
complexes (Table 6.3). Absorption bands due to ligand-to-
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metal charge transfer (l.m.c.t) transitions from filled 
orbitals on the donor groups to the vacant d orbitals of the 
metal occur down to 400 nm (25,000 cm~^) and were found to 
obscure the ligand bands in few cases. The Co(II) complexes 
(XXIV) and (XXVI) of the tetraamide ligands L5 and Lg, 
respectively, showed d-d bands assignable^^^ to the 
transition ^A2(F) >'^ T-|^ (P) of a tetrahedral geometry 
around Co(II). The observed magnetic moment value is 
slightly lower (ca. 4.2 B.M)-'"^^ for the complexes (XXIV) and 
(XXVI) which may be due to the distortion occurring from a 
planar towards a tetrahedral orientation of ring donor atoms 
around the Co(II) ion. However, the magnetic moment value 
(2.1 B.M.) for Co(L7)Cl2 (XXVIII) is consistent witli one 
unpaired electron and is in the same region as the values 
reported ' for other low-spin five-coordinate 
cobalt(II) complexes (Table 6.3). The electronic spectrum 
of (XXVIII) exhibited mainly three bands at 14,368, 17,825, 
and 32,895 cm"-'- regions. Since the magnetic data indicate a 
low-spin configuration the bands at 14,365 and 17,825 cm"-^  
region are tentatively assigned to the one-electron 
transitions e > a-j^  and a-j^  > b-j^  of a square-pyramidal 
structure with C^^ symmetry. The low frequency band due to 
b2 > a^ is, however, not observed in the present case. 
Support for the above assignments is provided by the fact 
that the complex (XXVIII) exhibited an ESR spectrum typical 
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of a spin doublet possessing axial symmetry. The observed g 
values are g.. = 2.07 and g. = 2.35 and follows the pattern 
expected for an unpaired electron in an orbital which is 
mainly d^j.^^'^'^^^ This also rules out the possibility of an 
intermediate-'^ "^  spin state molecule. No ESR signals were 
observed in the case (XXIV) and (XXVI), the signals of the 
high-spin form being too broad to be detected. Therefore, as 
evident from the electronic spectra and conductivity value 
the possibility of a square pyramidal geometry about the 
Co(II) ion seems highly probable for the Co(L^)Cl2 complex 
(XXVIII) with the ground state 2A3^(G). 
It has been possible to isolate the Ni(II) complexes 
of Lg and L^, (XXVII) and (XXIX), respectively, while in the 
case of the reactions of the other tetraamide raacrocycles 
(L-j^ -Lg) with NiCl2.6H20 did not yield any reaction product 
even on employing vigorous conditions. This may be due to 
the reason that the Ni(II) ion prefers a square planar 
geometry which is made possible in the case of the 
ligands, Lg anu L^ by their rigid cyclic framework 
due to the presence of additional amide or fused benzo 
groups that can preorient the macrocycle in a particular 
conformation. The complexes (XXVII) and (XXIX) are 
diamagnetic, behave as 1 : 2 electrolytes, and 
exhibit a single d-d band in the 22,000 - 25,000 cm"-^  
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region which is characteristic •^ -^'/-^ ^^  of square planar 
nickel(II) complexes with fovir nitrogen donor atoms. 
The higher energy bands in the UV region are probably 
due to the CT band and n > n transition of carbonyl 
groups in the ligand. 
The reactions of the ligands L^ and L-j with CuCl2-
2H2O in 1:1 mole ratio yielded their corresponding metal 
complexes quite readily. The analytical and spectroscopic 
data of the reaction product of Lg with CUCI2.21120 were 
anomalous and therefore its identity could not be 
ascertained. The complexes C\i(L5)Cl2 (XXV) and Cu(L7)Cl2 
(XXX) are non-electrolytes and paramagnetic with magnetic 
values close to that expected for one unpaired 
electron. The electronic spectra of (XXV) and (XXX) 
exhibited a single broad maxima similar to that 
observed for the other Cu(II) complexes of the 
tetraamide macrocycles discussed in the previous 
chapters. Such a d-d band in the 13,000 - 16,000 cm"-"-
region is consistent with Cu(II) ion in an octahedral 
environment with tetragonal distortion. The 
polycrystalline powder ESR spectra gave a single 
absorption signal (giso ~ ^^ - 2.16) at room temperature. 
An isotropic ESR spectrum would be produced if 
tetragonally distorted cations were undergoing free 
rotation in the crystal lattice, as the rotational 
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frequency could be greater than the frequency of the 
ESR radiation.^^^ 
It may be concluded that in all of the metal 
complexes formed by the polyamide macrocycles described 
in the present work the metal ion exists in a 
distorted environment due to the tetradentate binding of 
neutral amide nitrogens of the macrocycle. Substituents 
in the macrocycle is found to orient the ring framework 
in a more rigid conformation thus exhibiting 
discrimination in the geometries of the metal complexes 
formed . It may be assumed that a macrocyclic effect is 
operating in stabilizing the complexes in a highly 
distorted configuration, once formed. Such stable 
highly distorted molecules would serve as models to 
mimic biological reactions which involves complex 
intermediate or transition states of metal ions in 
highly distorted configuration. 
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Table 6.1 Analytical ancJ Molar Conductivity Data of the Oonpcxjxk. 
Compand 
4 
^6 
^ 2 ^ A 
4 
S8^6°6 
[Co(L5)]Cl2 
^2c/yA^^2 
rai(u)cu 
yW^A^^^2 
[Co(L^)]CL2 
yVA°«^^2 
[Ni(L^)]CL2 
yw^A i^^ ^ 
[Co(L_)CUCl 
S8V^6°6^^ 
[Ni(L,)]CL2 
S8y*6°6'^^^^2 
[Cu(L_)CU 
S^6°6"^2 
Calculated value: 
(XXI) 
(XXII) 
(XXIII) 
(XXIV) 
(XXV) 
(XX'/I) 
(XXVII) 
(XXVIII) 
(XXIX) 
C(XX) 
s in parenthe 
C 
63.09 
(63.16) 
70.35 
(70.59) 
5 1 . ^ 
(51.67) 
^ . 9 2 
(47.06) 
46.51 
(46.60) 
55.32 
(55.44) 
55.29 
(55.44) 
39.28 
09.42) 
39.31 
(39.42) 
39.04 
(39.13) 
ses 
% Ccjipasition 
H 
5.21 
(5.26) 
4.02 
(4.20) 
5.81 
(5.26) 
3.81 
(3.92) 
3.77 
(3.89) 
3.08 
G.30) 
3.13 
(3.30) 
3.89 
(4.01) 
3.93 
(4.01) 
3.61 
(3.98) 
^Otn"'' cm' 
N 
14.69 
(14.74) 
11.71 
(11.76) 
19.97 
(20.09) 
10.9^4 
(10.96) 
10.82 
(10.89) 
9.14 
(9.24) 
9.20 
(9.24) 
15.18 
(15.33) 
15.28 
(15.33) 
15.13 
(15.22) 
TOI 
M 
-
-
11.49 
(11.55) 
12.27 
(12.36) 
8.66 
(9.72) 
9.70 
(9.72) 
10.60 
(10.75) 
10.72 
(10.75) 
11.44 
(11.51) 
Cl 
-
-
13.68 
(13.90) 
13.68 
(13.79) 
11.61 
(11.70) 
11.68 
(11.70) 
12.88 
(12.94) 
12.91 
(12.9k!;) 
12.65 
(12.85) 
M 
-
-
84.7 
22.21 
78.79 
91.24 
50.27 
61.9 
10.10 
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Table 6.2 Inportant IR Absorption Benis (cm ) and their Assigwents 
Caipaiti VitHi) Amde I Amide II Amide III V(M-N) V(M-Cl) 
^ 
(XXI) 3100W ^(M 1590 1290m 
(XXII) 3250w 165Qn 1530m 1300s,br 
1640s 1500m 
h 
)CU 00(1^ 
Cu(L^)CL2 
(XXIII) 
(XXIV) 
(XXV) 
3150m 
3250s 
3200s 
17«)s 
1660s 
1550s 
1520s 
1620sh 
157Ds 
1A90S 
1450s 
1450s 
lAIOsh 
IJdOm 
1280s 
12aOm 
1320m 
w 
47D 3«) 
Co(L^)Cl2 (XXVI) 3350m ITDOs 1500m 1390m 460 
1630m 
Ni(L,)CL 
Co(L,)CL2 
Ni(L_)CL2 
(XXVII) 3350m 1630m 1500m 1290m 
(XXVIIJ) 
(XXIX) 
(XXX) 
3300m, br 
3300m,br 
3300m,br 
1750m 
1650m,br 
1740m 
1660m,br 
1740s 
1660m 
1500m 
1500m 
1490m 
1340m 
1290II 
1350m 
1290m 
1350m 
1290s,sp 
460 
440 350 
440 
460 320 
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Table 6.3 ''pf^^B.M) ard Electromc Spectral Data of the Conponds »tJ their Assngrments 
Ccnpxrds Colajr 
Lj (XXI) Off white 
g values 
9|| S i (B.«.) 
Ijefi Band Position Assiyrterrts 
an («) 
35,^1 (10«) n - > ff 
L^  (XXIl) thite 34,129C1433) r\-> n 
L_, (XXIII) White 
00(1^)012 (XXIV) Blue 
aj(L5)Cl2 (XXV) Green 
2 .13 
4.3 
1.% 
30,211(700) r\-> n 
16,287(181) ^K^(n -> S^(P) 
26,737(705) C.T. 
37,313(1506) n - > n* 
13,532(2162) h - > ^ j q 
28,112(931) C.?. 
33,896(1116) n - > n* 
Co(L^)Cl2 (XXVI) Moss green A.15 14,925(78) ^A2(F) - > S^(P) 
27,027(553) C.T. 
33,353(1383) n - > / 
Nl(L^)CL2 (XXVII) Red 25,126(189) ''A^ - > V 
26,882(570) C.T. 
33,333(1187) n —> rr 
Co(L_)CL (XXVIII) Blue 
Ni(L,)CL, (XXIX) Yellow (yci^ 
Cu(L^)Cl2 (XXX) Brownish 
green 
2.07 2.35 2-1 
2.13 
1.84 
14,368(523) 
17,825(5CM) 
32,895(678) 
22,779(396) 
29,940(654) 
32,895(603) 
14,749(301) 
28,125396) 
e->a, 
C.T. + (n —> ff ) 
1 1 
C.T. 
g 2g * 
C.T. + (n —> ff ) 
,3 ,-'' - I e = cm DDL on 
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CHAPTER VII 
COORDINATING CHARACTERISTICS OF 16-AND 18- MEMBERED 
TETRA AMI DE M ACROC YCLES TOWARDS Zn(II), Cd(II) AND Hg(II) 
IONS. 
CHAPTER VII 
INTRODUCTION 
As an essential metal for most living 
organisms, Zn(II) is widely distributed in many biochemical 
processes. As far as catalytic processes are concerned 
Zn(II) is well represented in a number of enzyme classes : 
oxidoreductases, transferases, hydrolases, lyases 
isomerases, and ligases. Metal substitution usually plays 
a primary role in the characterization of zinc enzymes 
since Zn(II) is a d ion and, as such, is diamagnetic, 
colourless, and hence not suitable for studies through 
electronic or electron spin resonance spectroscopy. 
Therefore, Zn(II) has been substituted in metalloproteins 
by Co(II), Cu(II), Ni(II) etc. to serve as a spectral 
probe or with Cd(II) as NMR probe for structural 
informations. The information obtained by investigating 
each metal substituted enzyme is quite valuable in 
obtaining a detailed picture of the metalloprotein as a 
whole.190 
The present chapter is an extension of the studies 
on the reactivity of the tetraamide macrocycles (L-j^  - Lg) 
with Zn(Il), Cd(II) and Hg(II) inorder to compare the 
physico - chemical properties of the tetraamide macrocyclic 
complexes of different metal ions. 
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EXPERIMENTAL 
The macrocyclic ligands (L^ - Lg) were prepared as 
described in Chapter III, IV and VI. ZnCl2 (E. Merck, India) 
CdCl2.H20, HgCl2 and Hg(SCN)2 (Loba chemie, India) and 
70% HC10^(E. Merck, India) were used as supplied. 
[MCPhgP) 2012.1 (M = Zn, Cd and Hg) were prepared by 
reported methods.-'•^ •'•'•'^ ^^  All solvents were dried before 
use. Physical measurements were carried out by similar 
methods as described in previous chapters 
Reactions of L^ with MX2.nH20 ( M = Zn, X = CI, n = 0; 
M = Cd, X = CI, n = 1 and M = Hg, X = SCN, n = 0) : 
•2 
A solution of metal salt (2 mmol) taken m 10 cm 
methanol was reacted with L-j^  (2 mmol) in 120 cm of 
methanol. The reaction mixtures were stirred at room 
temperature for 3 hr. White precipitate formed in each 
case was filtered, washed with methanol and hexane and 
dried in vacuo. [Yield and ru.pt. (XXXI) 33%, 218°C; 
(XXXII) 36%, > 3'^ 0°C and (XXXIII) 40%, 138°C]. 
Reactions of L^ with [M(Ph3P)2Cl2] (M = Zn, Cd and Hg): 
[Zn(Ph3P)2Cl2] (0.489 g, 2 mmol) was added to L^j^  
(0.760 g, 2 mmol) in 120 cm"^  methanol followed by 
continuous stirring at room temperature. The reaction 
mixture was stirred overnight and concentrated to 1/4 th 
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of its original volume and kept at ca, 5°C for 24 hr, 
which gave colourles needles (0.948 g, ca. 3.62 mmol.) of 
Ph^P confirmed from analytical and spectroscopic data. 
The mother liquor was further concentrated to a small 
volume and kept at ca. 5°C which afforded 
microcrystaliine solids. Solid was filtered, washed with 
methanol and hexane, and dried in desiccator over 
CaCl2. [(XXXIV) Yield 36%, n.pt. 219°C]. The analogous 
reaction of L-,^  with [M(Ph3P)2Cl2] (M = Cd or Hg) has 
provided only the starting materials even though the 
reaction mixture was refluxed for ca. 6 hr indicating 
no reaction at all. 
Reactions of L2 with MCl2.nH20 (M = Zn, n = O; M = 
Cd, n = 1 and M = Hg, n = O) : 
A solution of metal salt (2 mmol) in 10 cm"^  
methanol was dropped into 5 cm aliquot of the L2 
solution (vide supra) diluted with 30 cm methanol 
with vigorous stirring at room temperature. To this 
reaction mixture 0.35 cm^ (ca. 4 mmol) of perchloric acid 
was added and stirred for an additional hour. A white 
precipitate obtained in each case was isolated by 
filtration, washed with methanol and hexane, and dried 
in a desiccator over CaCl2 [Yield and m.pt.- (XXXV) 60%, 
222°C; (XXXVI) 54%, >350°C and (XXXVII) 52%, 152°C]. 
126 
Reactions of Lj with [M(Ph3P)2Cl2] (M = Zn, Cd or Hg): 
[Zn(Ph3P)2Cl2] (0.489 g, 2 nunol) was reacted with 
an aliquot (5 cm , 2 mmol) of L2 solution in methanol at 
RT. The reaction proceeded in the same manner as 
described for (XXXIV) affording colourless micro 
crystalline solid. [(XXXVIII) Yield 44%;!i.pt. 199°C] along 
with the release of two mole equivalents of PhoP. 
However, the reaction of [M(Ph3P)2Cl2] (M = Cd or Hg) did 
not yield any product even under vigorous conditions 
similar to that for their reaction with L-^. 
Reactions of L3.2HCI with MCl2.nH20 (M = Zn, n = 
0; M = Cd, n = 1 and M = Hg, n = o): 
To a solution in water (5 cm^) - methanol(15 cm^) of 
the ligand, L3.2HCI (0.714 g, 2 mmol), the corresponding 
metal salt (2 mmol) in methanol was dropped and stirred 
for 3 hr at RT. The white precipitate formed in each case 
was filtered, washed with iTiethanol and hexane, and dried in 
a desiccator [ Yield and ra.pt.(XXXIX) 51%, 266°C; (XL) 38%, 
340°C decomp. (XLI) 44%, 308°C]. 
Reactions of L^ with MCl2.nH20 (M = Zn, n = 0 ; M= Cd, 
n = 1 and M = Hg, n = 0): 
To a solution of L-, (0.816 g, 2 mmol) dissolved in 
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•3 
hot methanol (120 cm } the corresponding metal salt was 
added, and the mixture was stirred for 3 hr. at RT. The 
reaction of L^ with ZnCl2 and HgCl2 required evaporation of 
the solvent to one-half its initial volume where upon 
white solids separated out which was filtered, washed in 
methanol and hexane and dried over CaCl2. [ Yield and m.pt.-
(XLII) 32%, > 320°C; (XLIII) 32%, > 320°C and (XLIV) 41%, 
207°C decomp.]. 
Reactions of L^ and Lg with MCl2<nH20 (M = Zn, n = O; M = 
Cd, n = 1 and M = Hg, n = 0) ; 
2 mmol each of L^ (0.760 g) and Lg (0.952 g) were 
dissolved separately in hot methanol (ca. 75 cm ) with 
mild stirring and reacted with the corresponding metal 
salts. The stirring was continued for ca. 3hr at RT 
which gave a white precipitate for all the reactions. The 
precipitate formed in each case was filtered, washed with 
methanol and hexane, and dried in a desiccator [Yield 
and ia.pt. - (XLV) 56%, > 320°C; (XLVI) 34%, 317°C; 
(XLVII) 48%, 233°C; (XLVIII) 44%, 227°C; (XLIX) 42%, 
> 320°C and (L) 56%, 262°C] 
RESULTS AND DISCUSSION 
The tetraamide macrocycles (L^ - Lg) have all shown 
2+ 2+ 
considerable reactivity towards the metal ions Zn , Cd 
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2 + 
and Hg forming stable solid compounds. The analytical 
and molar conductivity data-'^ ^^  (non - electrolyte) 
summarized in Table 7.1 are consistent with the 
formulation of the complexes as [MLX2] (M = Zn, Cd or Hg; 
X = CI, SCN or CIO4). It has been observed that the ligand 
L-]^  did not show reactivity towards [M(Ph3P)2Cl2] (M = Cd 
or Hg) as unreacted starting materials have been isolated 
even though vigorous reaction conditions were employed. 
On the other hand, L^ reacted with [Zn(Ph3P)2Cl2) giving 
[Zn(L-^ )Cl2] (XXXIV) with the release of all the Ph3P 
(vide supra). A similar observation has been noted for L2 
also which has produced [Zn(L2)Cl2] (XXXVIII) in an 
analogous manner. All the complexes are soluble only in 
coordinating solvents like DMSO and DMF and behaved as non-
electrolytes in DMSO. 
The infrared spectra of complexes with L^ and L2 
show splitting of v(N - H) bands with a separation of ca. 
40 cm"-*-' but the position did not change significantly 
from that observed in the free ligand. However, the 
positions of amide bands show some significant change 
from that of the free ligands. The ligands L^ and Lg as 
well as their complexes exhibit relevant absorption bands 
(Table 7.2) at similar positions. The i^(N - H) bands are 
found to appear at a lower frequency region for L3.2HCI, 
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L^ and L^ ligands which, however, undergo a positive 
shift in the spectra of the complexes of L^ and L^. The 
(N - H) band of L3.2HC1 remains unaltered in complexes. 
It has been deduced in Chapter VI, that free ligands exist 
in hydrogen bonded form through the carbonyl groups of the 
amide moiety (intermolecular as well as intramolecular 
manner) though it was not possible to substantiate further 
in view of their insolubility in a non-hydrogen bonding 
solvent. The i;(M -N) bands^^^ and the presence of y(N -
H) stretching frequency bands in all the complexes 
suggests that in the present complexes of Zn, Cd and Hg 
with the tetraamide macrocycles the metals are 
coordinated through the amide nitrogens retaining the -CO-
NE- entity. 
The IR spectra of (XXXIV) was similar to that of (XXXI) 
and moreover the former did not show any characteristic 
vibrations arising from Ph3P. For (XXXVIII) too the 
spectra did not show any characteristic band due to the 
ancillary Ph3P ligand. The appearance of two strong 
bands in the 1100 - 1200 cm"-*^  region and a band of medium 
intensity at 900 cm~^ in the spectra of (XXXV), (XXXVI) 
and (XXXVII) is due to the V{C1 - 0) stretching vibration 
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-1 
of ClO^" coord ina t ed in a un iden ta t e manner. The 
complex (XXXIII) e x h i b i t e d a s t rong band a t 2100 cm 
cha rac t e r i s t i c of V{C - N) s t re tching v ibra t ion and two 
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weak bands at 700 and 740 cm~^ characteristic of V{C - S) 
stretching vibration of the S - coordinated thiocyanate. 
This has been further augmented by the appearance of two 
weak bands in 450 - 470 cm~^ region characteristic of 
y(SCN) bending vibrations with a band of medium intensity 
at 300 cm"-'- due to V(M - S) stretching vibration.-^ "^ ^ 
The H^ NMR spectra of [Zn(L^)Cl2] recorded in DMSO-
dg (Table 7.3) showed a broad signal centered at 4.9 ppm 
due to N - H protons, supplemented by its disappearance 
after D2O exchange, ^ '^ ^ along with -N-CH2- ( 3.2 ppm) and 
multiplets due to CgH^- protons (7.5 - 7.8 ppm) similar 
to the •'•H NMR spectrum of the free ligand , L^. The 
spectra of (XXXV) and (XXXVIII) are nearly identical 
(Table 7.3) exhibiting signals at 4.53, 2.16, 3.34 
3.49 and 1.30 - 1.60 ppm assignable to -NH-, -CH2-CO2-, 
-N-CH2- and -CH2- protons, respectively. The position of 
-NH- protons has been confirmed by recording the spectra 
after D2O exchange which indicated absence of signal at 
4.53 ppm without any other alteration. Furthermore, the 
spectrum of (XXXVIII) did not show any resonance between 
7 - 8 ppm region confirming the absence of even traces 
of the ancillary Ph3P ligand which is being released 
free PhoP in the reaction mixture (vide supra). The 
as '3 
H^ NMR spectra of the complexes (XXXIX), (XLII), (XLV) 
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and (XLVIII) were recorded in D2O and therefore the 
resonance signals due to N-H protons could not be observed 
as they undergo exchange in D2O while the signals 
arising from other characteristic protons appeared at 
appropriate positions (Table 7.3). 
\ 
r'-
R. 
> 
0 
nr^ -^ H / 
- \ / - ^ \ 
M Ri 
X 
[MLX2] [M = Zn, Cd or Hg; L = L-,^  - Lg, R-,^  = (^ 3^)2 or CgH^-
and R2 = (CH2)2/ (CH2)3 or CgH^-; X = Cl, SCN or CIO4] 
Figure 7.1 
The present metal ions (M^^ = Zn^^ Cd^^ or Hg^^) 
being d ions are diamagnetic, colourless, and hence 
not suitable for studies through electronic 
spectroscopy. However, in view of the physico - chemical 
data (Table 7.1) and in comparison with the tetraamide 
macrocyclic complexes of transition metal ions it is 
reasonable to suggest that the complexes (XXXI) - (L) 
{[MLX2] (M - Zn, Cd or Hg; L = L^ - Lg and X = Cl, SCN or 
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ClO^)} adopt an octahedral geometry in a way that only 
the amide nitrogens are involved in coordination as 
shown in Figure 7.1 where the -CO-NH- entity is retained. 
It appears that in the present macrocyclic systems L-j^  
- Lg the coordination through carbonyl oxygen is 
restricted due to structural limitations. The large cavity 
size of the macrocycles permits considerable distortion 
enabling them to coordinate in a tetradentate fashion 
through the amide nitrogen centres. The metal complexes 
once formed are quite stable manifesting their ability 
to coordinate with several metal ions. The neutral 
amide nitrogen centres involved in coordination are weak 
donor groups, as compared to the deprotonated amide 
nitrogens, due to which their complexes exhibit 
distinctive properties from that of other tetraamide 
macrocycles evident through the electrochemical studies 
of Co(II) and Cu (II) complexes of L^ (Chapter 5). 
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Table 7.1 Analytical and Molar Conductivity Data of the Caicpornds 
Caipouid 
[Zn(L,)cy 
^2l/W^4°A^^2 
tcd(u,)cy 
'zM^^'^^'z 
[Hgd^XSCN)^] 
[Zn(U,)cy 
yy^A^^^2 
[Zn(l^)(ClO,)J 
^UVA°12^^^2 
[Cd(L_)(ClO,)-! 
SA^AVI2^^2 
[HgCyCClO^)^] 
S A V 4 ° 1 2 ^ ^ 
[Zn(L_)CU 
S4^A°A^^2 
[Zn(Lj)CU 
S2^A^^2 
[Cd(Lj)CU 
^ 2 ^ 4 ° ^ ^ ^ 
[Hg(L3)cy 
SzVA^^^ 
(XXXI) 
(XXXII) 
(XXXIII) 
(XXXIV) 
(XXXV) 
(XXXVI) 
(XXXVII) 
(XXXVIII) 
(XXXIX) 
(XL) 
(XLI) 
c 
45.55 
(46.51) 
41.27 
(42.63) 
37.23 
(37.88) 
45.65 
(46.51) 
28.95 
(29.17) 
26.44 
(26.97) 
23.14 
(23.59) 
36.12 
G7.50) 
33.84 
(34.28) 
30.31 
(30.83) 
25.44 
(29.90) 
H 
3.15 
(3.87) 
3.44 
(3.55) 
2.17 
(2.87) 
3.15 
G.87) 
3.76 
(4.17) 
3.18 
0.85) 
2.99 
(2.37) 
4.94 
(5.36) 
4.27 
(4.76) 
3.72 
(4.28) 
3.18 
(3.60) 
'/. Conposition 
N 
9.69 
(10.85) 
9.45 
(9.95) 
11.50 
(12.05) 
9.92 
(10.85) 
8.99 
(9.72) 
8.24 
(8.99) 
7.39 
(7.86) 
11.83 
(12.50) 
12.94 
(13.33) 
10.76 
(11.99) 
9.45 
(10.07) 
M 
12.04 
(12.67) 
18.24 
(19.97) 
27.67 
(28.78) 
12.31 
(12.67) 
10.62 
(11.35) 
17.90 
(18.04) 
27.61 
(28.17) 
14.01 
(14.59) 
15.03 
(15.57) 
23.74 
(24.07) 
36.04 
(36.06) 
Cl/S 
13.56 
(13.76) 
11.10 
(12.60) 
8.55 
(9.18) 
13.58 
(13.76) 
11.76 
(12.31) 
11.11 
(11.38) 
9.24 
(9.96) 
14.93 
(15.83) 
16.29 
(16.88) 
14.69 
(15.18) 
11.86 
(12.75) 
K 
4.34 
23.61 
48.44 
5.21 
10.45 
25.26 
44.54 
6.90 
18.91 
24.65 
41.80 
Contd. 
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Contn. 
Table 7.1 AnalyticaLand MoLar Conductivity Data of the Compounds 
'/, Composition 
Compound 
CL/S 
^28VA°^"9'4 (44.98) (2.68) (7.50) (26.85) (9.50) 
b 
[Zn(L^)CL2] (XLII) 47.73 4.21 9.61 11.74 12.92 9.71 
' •22 "24^4V" ' ' 4 (48.53) (4.41) (10.29) (12.02) (13.03) 
[Cd(L^)Cl2] (XLI I I ) 44.09 3.99 9.23 18.81 10.64 11.10 
C22H2^N^O^CdCl2 (44.67) (4.06) (9.47) (19.02) (11 99) 
[Hg(L^)CL2] (XLIV) 38.63 3.46 8.14 29.07 9.85 29.44 
' • 2 2 " 2 4 W 9 ' ' ^ 2 (38.82) (3.53) (8.23) (29.50) (10.43) 
U.r\l.\.^)a^ (XLV) 45.97 3.51 10.44 12.59 13.74 10.42 
W 2 0 V 4 ^ " ' ' ^ 2 (46.51) (3.87) (10.85) (12.67) (13.76) 
[Cd(L5)CL2] (XLVI) 42.57 3.33 9.71 19.91 12.54 16.15 
' ' 2 o W 4 ° 4 " ' - ' - 2 (42.63) (3.55) (9.9) (19.97) (12.60) 
[Hg(L5)CL2] (XLVII) 36.78 2.93 8.55 30.78 10.90 7.02 
C--H,.N,0,HgCl- (36.87) (3.07) (8.60) (30.81) (10.89) 20 20 4 4 " 2 
[ Z n d ^ ) ^ ^ ] (XLVIII) 54.83 3.09 9.12 10.39 11.51 10.23 
C_oH„N,0,ZnCL, (54.90) (3.27) (9.15) (10.68) (11.59) 
[Cd(L^)Cl2] (XLIX) 50.86 2.91 8.46 16.35 10.54 17.98 
C--H,„N,0,CdCl, (50.99) (3.03) (8.50) (17.06) (10.76) 
CO CSJ H k C. 
[Hg(L^)CL2] ( D 44.86 2.57 7.39 26.71 9.43 7.02 
CaLeuLated/alues in parentheses Ohm cm mol 
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Table 7.2 lnportant IR Absoqjtion Bands (on ) and their AssicfTments 
Conpcxnd V(N-H) Amide I Amide II Amide III V(tt-«) Vin-U)/ 
y(tt-S) 
yccio.) 
3 A 
Zn(L)CL (XXXI) 339Qn 1760liis I6OQ11 13«>i) 
32«)ln 1700s 1580ni 1310m 
390 330 
Cd(U,)Cl2 (XXXII) 3300R1 
3250m 
169Qns 
1640s 
1590m 
1550m 
135Cm 
1310m 
UX) 3«) 
Hg(U,)(SCNL (XXXIII) 3290m 
32«)m 
1700ms 
16«)s 
1580s 
1560s 
13«>n 
1300m 
«X) 300 
Zn(^)CL2 (XXXIV) 337Dm 1770s 1620m U15m 390 
3330m 1720s 1590m 1390m 
335 
Zn(L^)(CLO,) 
V2 
(XXXV) 3320m 1660s 1560m 1A20m 
3300m 1&40S 1535m 1390m 
360 1135 
1100 
900 
Cd(L2)(CL0^)2 (XXXVI) 3290m 167Dm 1590m UlCm 
32«>ii 1640m 1560m 1390m 
360 1185 
1105 
940 
Hg(L-)(ClO,) 4'2 
(XXXVII) 3240m- 1630s 1565s 1400m 395 
3200m 1600s 1550sh 13a0sh 
1160 
1030 
970 
Zn(L,)C yci^ (XXXVIII) 3340m 1660m 1550m lAaOm 390 
332CM 1645s 1530m 1390m 
340 
Zn(Lj)CL2 (XXXIX) 3150m 1600m,sp 1500s 
1580m,sp 1460m 
133Qm,sp 440 330 
Cd( 13)01^ (XL) 3150m 1590m 1500m 
1460s 
1320m 395 310 
Hg(^: )CL (XLI) 3100m 1600s 1490s 1330m 
15a0m 144011 
410 340 
136 
Contd. 
Contn 
Table 7.2 ImportantIR Absorption Bands (cm ) and their Assignments 
Compound VCN-H) Amidel Amidell Amidelll y(M-N) ^(M-Cl)/ V(C10,) 
V(M-S) V V 
Zn(L,)CL, (XLII) 3275m 1700m,br 1580m 1390m 
3225m 1370m 
420 340 
Cd(L^)CL2 
Hg(L^)CL. 
(XLIII) 3300br 1690m 1550m 1370m 390 310 
(XLIV) 3300br 1690iii 1550m 1370m 410 340 
1350m 
ln(l^)Ci^ 
Cd(L.)CU 
(XLV) 3275m 1550s 1450s 1280w 390 
(XLVI) 3450m 1540s 1455ni 1305w 360 
3200m 1285w 
310 
300 
Hg(L5)CL2 
2n(L^)CL2 
Cd(L^)Cl2 
(XLVII) 3100w 1645m 1590m 1290w 410 310 
(XLVIII) 3225m 1640s 1550s,br 1310m 400 330 
(XLIX) 3200m 1620m 1560s 1310w 390 310 
1520s 
Hg(L^)CL2 (L) 3250m 1630m 1540m 1300m 410 
1510m 
330 
137 
Table 7.3 H NMR Data of the Zn(II) Complexes 
Compound 
-NH-
6/ppm. 
-CH, -CHp-CO- -N-CHp- ArH 
Zn(L,)Cl (XXXI) A.90 
(4H) 
3.20 7.5-7.8 
(8H) (8H) 
ZndjXClO^)^ .a XXXV) 4.53 
(4H) 
1.30-1.602.16 3.34-3.49-
(4H) C8H) (8H) 
2n(L2)Cl2 (XXXIX) 2.16-2.203.15-3.30-
(8H) (8H) 
Zn(L,)Cl, 
H C. 
(XLII) 1.4-1.75 
(4H) 
3.32-3.657.4-7.7 
(8H) (8H) 
^SolventDMSO-d^ SolventDpO 
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Abstract The title ligand a 16-meiTibered tetrapeptidc macrocycle (L) has been obtained 
fiom the leaction of 1.2-diaminoethane and phthahc anhydiide in dioxane, and char-
acteiized by physicochemicai methods Complexes with the stoichiometry [CoLCiJCl and 
[CuLCU] weie obtained fiom the inteiaction of the macrocyclic ligand with the cor-
responding metal salts The [CoLCljCl complex is a low-spin square pyramid, with possible 
existence of spin cio«s-o\ei point at room temperature, whereas [CuLCln] contains octa-
hedral geometiy The cyclic \oltammetric studies aie consistent with the formation of a 
leveisible ledox couple (Cu"^Cu' £"" = —0 48 V) foi [CuLCK], whereas irreversible 
reduction (Co"->Co') is indicated for the [CoLC!]Cl complex m DMSO solution These 
facts aie lationalized in terms of the large cavity size of the macrocyclic ligand 
The linear dioxotetiaamme-like ligand (L') foims' 
the neutial amide ionized complex [Cu(L'-2H)] m 
aqueous medium at pH 8 Tiipeptides such as gly-
cylglycylglycine^ (L') (Fig 1) or glycylglycyl his-
tidine"' (L ) show a similai mode of coordination to 
coppei through the two terminal donors and the 
two deprotonated amide nitiogens in similar aque-
ous alkaline media It has been shown' that doubly 
depiotonated dioxotetraamme complexes are sta-
bilized by ligand cyclization and, of the 13- to 15-
membeied rings, the 14-membered rings show the 
most profound effect Similar macrocyclic effects 
were lepoited' for unsubstituted tetiaamine [NJ 
macrocycle (L") complexes which normall} result 
m octahedial cooidination'' The modified tetra-
amines with two carbonyl functions (L^) whose 
structure mimics trip;ptides stich as gly-
cylglycylglycine (L'), lesult in squaie planar com-
plexes with Cir+ and N T ^ , as a consequence of 
rigid planaiit> caused by the dissociation of two 
amide protons (at pH ca 8) 
Thcie are lepoits indicating that peptide coor-
rAuthoi to w hom toi lespondencc should be addressed 
dmation stabilizes^' the -F 3 oxidation state of cop-
per The small cavity size of these macrocyclcs is 
probably lesponsiblc foi stabilizing the Cu'" (</'') 
ion, produced /« silu thiough electrochemical oxi-
dation of the copper(II) complex In contrast with 
copper(II) and copper(IIl) there is little evidence of 
copper(l) peptide complexes Osterberg studied'" 
the interaction of copper(I) with tiiglycme using 
constant curient electrolysis ol a two-phase copper 
amalgam electrode which however, indicated the 
formation of a bmuclear complex containing Cu"'^  
andCu-^ ions Kaden and Zubcibuhler" have con-
cluded, using potentiometiic methods, that peptide 
nitrogens of the ligands glyeyl-L-histidine and L-
histidyl-i -histidme do not coordinate to the Cu^ 
ion There are other reports'' ' which also indicate 
that for synthetic peptide, the peptide nitrogens do 
not participate in coordination 
This prompted us to design a modified tetraamine 
with foui carbonyl functions, a 16-membered 
maci ocyclic tetrapeptide dibenzo[c k] [1 6,9,14]tetra-
aza cyclohexadecane[2,5 10,13]tetiaone (L) with a 
large cavity size to fit unusual low valent transition 
metal ions The complexes have been synthesized 
in non-aqueous sohent to restrict the possible 
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deprotondtion of peptide NH protons and to 
examine its implicatiDn on the overall geometry of 
the complexes 
EXPERIMENTAL 
Pin sical measitu'inents 
The IR spectra weie recorded as KBr discs on a 
Carl Ziess Specord M-80 spectrophotometer and 
'H NMR spectra m DMSO-rfc on a Jeol-lOO X 
spectrometer with SiMe4 as standard X-band ESR 
spectra of a polycrystalline sample were recorded 
on a Varian E-112 spectrometer at room tem-
perciture and hqusd nifrogen temperature The spec-
tra were calibrated with diphenylpicrylhydrazyl 
(dpph , 9 = 2 0037) Electronic spectra of 1 mmol 
solution m DMSO were recorded on a Pye-Unicam 
8800 (Philips, Holland) UV-vis spectrophotometer 
at room temperature Cyclic voltammograms were 
recorded using an EG & G PAR model 174 XY 
recording system with platinum electrode vs satu-
rated calomel electrode (SCE) using tctra-
butylammonium perchlorate as supporting elec-
trolyte in DMSO Magnetic susceptibihties were 
determined at 20 C using a Faraday balance cali-
brated with Hg[Co(NCS)4] and conductivities of 1 
mmol solutions m DMSO were obtained with a 
Systronic Bridge (India) at room tempciature 
Molecular weight was determined cryoscopically 
and the results of microanalyses were obtained from 
the Central Drug Research Institute, Lucknow, 
excepting for metals and halogens, which were esti-
mated by reported'"* '^  methods 
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Mate) lals 
Phthalic anhydride (E Merck), purified by sub-
limation, freshly distilled 1,2-diaminoethdne (E 
Merck), and recrystallized CoClj • 6H2O (S D 
Chemicals, India) and CUCI2'21120 (E Merck) 
were used All solvents were dried before use 
Preparation of compounds 
Ltgand L To a vigorously stirred solution of 
phthalic anhydride (1 5 g 10 mmol) m dioxane (60 
cm^), 1,2-diaminoethane (0 66 cm\ 10 mmol) 
diluted with 10 cm dioxane was dropped m por-
tions at room temperature A white precipitate for-
med which was filtered, washed with benzene and 
hexane and dried m a desiccator for 1 week, yielding 
1 7g(47%)ofthecompound,mp 145°C Found 
C, 63 7, H, 5 2, N, 14 6 CoH,oN404 reqmres C, 
63 5, H, 5 3, N, 14 7% Recrystalhzation from 
methanolic solution gave a light yellow coloured 
microcrystalhne sample w hich gave identical spec-
troscopic and analytical data 
Cobalt complex of L The metal salt CoCl2" 6H,0 
(0 476 g, 2 mmol) dissolved m methanol (10 cm )^ 
and hgand (L, 0 760 g, 2 mmol) dissolved in meth-
anol (120 cm^) by mild heating were mixed together 
and stirred at room temperature for 3 h The solu-
tion was concentrated to one-tenth of the initial 
volume by slow heating on a water bath and allowed 
to cool m a refrigerator overnight Violet blue 
opaque crystals formed, v/hich were separated by 
decanting off the mother liquor, washed with a 
minimum amount of methanol and dried m vacuo, 
m p 155°C, yield 32 35% Found C,46 5 ,H,3 7, 
N, 10 8 CoC,oH2oN404Cl2 requires C, 47 1, H, 
3 9, N 110% 
Coppei complex of L The metal salt CuCl, • 2H,0 
(0 341 g, 2 mmol) m methanol (10 cm-') and hgand 
(0 760 g 2 mmol) dissolved m hot methanol (120 
cm )^ were mixed together and stirred at room tem-
perature for 3 h The blue precipitate formed was 
filtered off, washed with methanol and hexane and 
dried/« !;acM(7, m p 192°C, yield 36^0% Found 
C, 46 8, H, 3 7, N, 10 7 CUC20H20N4O4CI, 
requires C, 46 7, H, 3 9, N, 10 9% 
RESULTS AND DISCUSSION 
The hgand (L) has been obtained m fair yield 
from the reaction of phthalic anhydride with 1,2-
diammoethane m 1 1 mole ratio m dioxane at room 
temperature The experimentally determined 
molecular weight of the hgand (372) agrees with its 
molecular formula arising from the combination 
of two molecules each of phthalic anhydride and 
ethylenediamine (calculated mol wt = 380) The 
analytical data are also consistent with the stoi-
chiometry of the hgand The important bands 
observed m its IR spectrum are assignable to the 
characteristic \(N—H), amide I, amide II and 
amide III frequencies (Table 1) However, the 
characteristic \ (—C—O—C—) and \ (C=^3) stretch-
ing frequencies for phthalic anhydride reported'* 
as a singlet at 1287 and a doublet at 1854 and 1779 
cm ', respectively, disappeared in the spectrum of 
L The appearance of a single v(N—H) stretching 
frequency is indicative of the presence of secondary 
amide functions (—CO—NH—) in L The other 
fundamental vibrations, like v(C—H), v(C=C) and 
v(C—C), appeared at the appropriate positions 
The electronic spectrum of the iigand solution in 
DMSO contained a band at 430 nm (23,255 cm ') 
This IS assignable to the excitation" of non-bonded 
electrons at carbonyl oxygen to an antibonding n* 
orbital (1 e n^n* transition) of the peptide moiety 
The 'H NMR spectrum of L recorded in DMSO-
d(, showed a broad signal due to the N—H proton 
(supplemented by its disappearance after D,0 
exchange), along with CHj— N and C6H4 proton 
signals m the integral ratio 1 2 2 (Table 1) These 
data are consistent with the formulation of the 
hgand L as shown m Fig 1 
The hgand L exhibited considerable reactivity 
towards Co" and Cu" ions, giving stable solid com-
pounds where the metal and hgand are m 1 1 stoi-
chiometry, consistent with observed analytical data 
The molar conductance measured m DMSO sug-
gests that the cobalt complex is a 1 1 electrolyte,'** 
whereas the copper complex is a non-electrolyte, 
suggesting the molecular formulae as [CoLCl]Cl 
and [CULCI2], respectively The [CoLCl]Cl dis-
solved m DMSO gives a blue colour In hydrated 
solvents, a pmk colouration is observed, indicating 
a change m geometry from a low coordination num-
ber (4 or 5) in non-aqueou'^ to a six-coordinate 
geometry m hydrated solvents Moreover, addition 
of pyridine to the blue [CoLCljCl solution m 
DMSO also gave a colour change to pmk, and an 
electronic spectrum that was nearly identical to that 
reported" for octahedral C o" complexes The 
[CuLCy complex was soluble m coordinating sol-
vents only, however, unlike the cobalt complex, it 
did not show a colour change by the addition of 
nyndine base, probably because the Cu" ion has 
attained hexacoordmation m [CULCI2] The IR 
spectra of the complexes show splitting of v(N—H) 
bands with separation of ca 80 cm ', but the pos-
ition did not change significantly from that 
observed m the fres hgand However, the positions 
of the amide I and amide III bands were dilferent 
from those observed in the hgand It appears that 
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Table 1 Spectroscopic conductivity and electrochemical data 
Physical measurements 
and properties 
IR(cm ') 
i(N—H) 
Amide I 
v(C=0) 
Amide 11 
(5(N—H) mixed with 
v(C-N) 
Amide III 
mainly i(C—N) mixed 
with (5(N—H) 
'H NMR (S, ppm) 
d (N—H) 
S (CH,) 
HC,H,) 
Molar conductance 
A^( f r ' cm 'mol ') 
Magnetic moment 
/ ' c J B M ) 
ESR 
9( 
g j 
UV vis 
/ma,nm(f)" 
Cvclic voltammetry 
£* (V vs SCE) 
L 
3280s 
1670VS 
1640vs 
1580s 
1560s 
1330s 
1270s 
4 7(1H) 
3 3 (2H) 
7 2-7 4 (2H) 
(multiplet) 
— 
~ 
— 
— 
430 (144) 
(n-^K*) 
— 
— 
~ 
— 
— 
[CoLClJCl 
3350m 
3250m 
1760s 
1700s 
1600s 
i550s 
1380s 
1310s 
— 
— 
— 
53 63 
3 34 
— 
— 
350(145) 
{n^n*) + 
(«,-*,) 
677 (74) 
(e-^a,) 
610(39sh) 
(e^fl,) 
316(545) 
( C T ) 
- 0 88 
(Co"-*Co') 
- 1 14 
(Co'^Co") 
- 0 34 
(Co»-^Co") 
[CuLClJ 
3300m 
3220m 
1700s 
1620s 
1560s 
1550s 
1380s 
1320s 
— 
— 
35 46 
140 
2 259 
2 078 
348 (590) 
(n^n*) + 
( C T ) 
909(81) 
i%^'W 
- 0 48 
(Cu"?iCu') 
- 0 75 
(Cu'-*Cu") 
+ 0 43 
(Cu'UCu'") 
- 0 19 
(Cu"'->Cu") 
dm mol ' cm 
the free ligand molecule exists in hydrogen bonded 
form through the carbonyl oxygen of the peptide 
moiety (intramolecular as well as intermolecular 
manner) which, however, could not be auth-
enticated because the ligand did not dissolve in any 
non-hydrogen-bonded solvents like hydrocarbons, 
chlorinated hydrocarbons, etc 
The electronic spectrum of [CuLCb] recorded in 
DMSO (Table 1) showed two well-resolved maxima 
at 909 (11,000 cm ', broad and weak) and 348 
nm (28,735 cm"') The latter band is apparently 
concerned with the ligand transition (n-^n*) with a 
blue shift after complexation, whereas the broad 
weak band (d-d feature) is characteristic of the 
^E^-*^T2g transition from the d'' configuration 
(Cu^'^) in an octahedral geometry The observed fi^Y 
value is lower than the theoretically estimated value 
for one unpaired spin, i e a rf' configuration of the 
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metal ion However, the X-band EPR spectrum of 
the microcrystdlline sample of [CULCI2] exhibited 
signals (Table 1) consistent with an axial symmetry 
(g^ > gj in the molecule This suggests that d^2^2 
IS the ground state with the d^ (Cu'"^) configur-
ation,^" le (e,)Vii?)^('^ 2<,)^(*i(,)' No hyperfine split-
ting was observed due to the fact that the para-
magnetic centres are not diluted In the absence of 
mtormation such as the :opper hyperfine coupling 
constant, it is not possible to estimate the extent of 
delocalization of the unpaired electron onto the 
macrocyclic ligand 
The electronic spectrum of [CoLCl]Cl contained 
four distinguishable bands (Table 1) a sharp and 
very strong band m the L V region at 316 nm (31,586 
cm ') characteristic of L -> M charge-transfer exci-
tation, a broad absorption maximum at 350 nm 
(28 571 cm~') due to the M->7I* transition of ligand 
and two relatively weak bands at 677 (14 771 cm ') 
and 610 nm (16,393 cm"') The last two bands agree 
m both frequency and intensity with those obtained 
for other five-coordinate cobalt(II) complexes with 
square pyramidal geometry The observed /i^ ff value 
for the complex is 3 34 B M , which is higher than 
the range reported^' for a low-spin square pyr-
amidal complex (2 2-2 3 B M ), but the magnitude 
is lower than that expected for a high-spin regular 
square pyramidal cobalt(II) complexes (/iefr = 5 5 
B M ), where all the five donor atoms are identical, 
giving a C4 symmetry -similar to that reported^^ for 
the 1 1 adduct of 2,6-lutidine-l-oxide with bis 
(acetylacetonato)cobalt(II) It has been concluded 
by previous authors'^ that the magnetic moment is 
towards the high side [ca 5 BM ) for a high-spin 
square pyramidal complex with high symmetry, but 
the magnitude is expected to decrease as the sym-
metry (particularly that withm the basal plane) is 
reduced Five-coordmate cobak(II) complexes^^ of 
the type [CoL2X]^ (where L = AP, diphenyl(o-
diphenylarsinophenyl)phosphine or SeP, diphen-
yl(o-methylselenophenyl)phosphineandX = CI Br 
or I) exhibit magnetic moments (n^fj = ca 2 5 B M ) 
consistent with one unpaired electron on the d 
orbital of the metal icn (with considerable orbital 
contribution), and the ground electronic state is 
^At{G) These complexes exhibit three well-defined 
absorption bands below 455 nm (22 000 cm ') aris-
ing from the transitions bj-^a^ {ca 143 nm, 7000 
cm~'), e^fl i (ca770nm, 13 000 cm ') and a, -^h^ 
{ca All nm, 21,000 cm ') The middle band (at 
13,000 cm ') sometimes splits into two components 
as a result of the removal of the degeneracy caused 
by reduction from C^ symmetry, 1 e a distortion 
from C4 symmetry The low energy band near 7000 
cm ' has not been observed in the present complex 
as this lies beyond the range of our instrument and 
the bands observed at 677 (14,771 cm ') and 610 
nm (16,393 cm ') (Table 1) are probably the split 
components of the e -> fl| transition similar to that 
reported for [CoAP2X]^ The high energy band 
expected near 400 nm has probably merged with 
the n->n* transition of the ligand observed as 
a broad maximum These data indicate that 
[CoLCl]Cl IS a low-spm square pyramidal cobalt(II) 
complex with a considerable distortion from the 
perfect C4 symmetry, probably due to axial ligand 
asymmetry The extent of apical bond lengthening 
is known to affect the spin multiplicity ^"^ The possi-
bility that the system is halfway between the high-
spm and low-spm states cannot be ignored, similar 
to that suggested^^ for bis(isothiocyanato)[iV-(2-
(diphenylphosphino)ethyl)-A'^ ,A'^  -diethylethylene-
diamme]cobalt(II), which also has a magnetic 
moment value of 3 6 B M at 298 K 
The polycrystalline sample of [CoLClJCl did not 
show any ESR signal even down to liquid nitrogen 
temperature, suggesting that the spin state of the 
solid compound remains high Low-spm cobalt(n) 
complexes^"'' show an ESR signal even at room 
temperature consistent with an axial symmetry in 
the molecule It is therefore most appropriate to 
suggest that the axial distortion accompanying the 
high-spm to low-spin interconversion, together with 
the rigidity of the macrocyclic ring occupying the 
basal plane, permits an elongated square pyramidal 
geometry for the [CoLClJCl, with the electronic 
configuration as (e)'*(ft2)'(«i)' 
Electrochemical studies 
The electrochemical oxidation and reduction 
potentials of the present tetraoxotetraaza(tetra-
peptide) complexes with Co" and Cu" ions have 
been measured m DMSO using platinum elec-
trode V) SCE at room temperature, at a scan 
rate of 0 05 as well as of 0 1 V s"' Complete 
scanning m the range of -1-0 65 to — 1 2 V for the 
[CoLCl]Cl complex gave the voltammogram shown 
in Fig 2 It exhibited two irreversible cathodic 
waves at - 0 88 V (C,) and - 1 14 V (Cj), and a 
single irreversible anodic wave at —0 34 V The 
occurrence of two reduction waves suggests the 
possibility that the reduction of Co" occurs via two 
one-electron steps ( Co"— ^Co ' ^Co"), while 
the appearance of only one anodic wave is con-
sistent with a one-step two-electron oxidation pro-
cess (Co"-^Co"-f2e ) The relative peak heights of 
the cathodic waves (C) and C2) do not change and 
are approximately the same if the scan rate is 
changed from 0 05 to 0 1 V s"', a behaviour 
expected if C] represents the [Co"'] process fol-
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E/V vs SCE 
Fig 2 Cyclic voltammcgrams of [CuLCl ] (a) and 
[CoLCl]Cl (b) (10 ^ mordm ') m DMSO Support 
ing clcctrolvte 10 ' mol dm "* BujN ClOj Scan rale 
0 05 ( ) and 0 1 V s ' ( ) 
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peak ( — 0 38 V) apparently form a reversible redox 
couple with peak separation AE = ca 90 mV and 
peak height ratio nearly unity Slight variations ( + 
4 mV) of peak potential separation at different scan 
rates (0 05-0 1 V s ') were also observed Fur-
thermore, both peak heights were proportional to 
the square root of scan rate V^ These features arc 
indicative of quasi reversible (one-electron) elec-
trochemical redox behaviour and therefore the mid-
point between the two peaks should give a reason-
able estimate of the electrode potential £" ( - 0 48 
V) This corresponds to the one-electron redox step 
Cu"^Cu' (Scheme 2) The calhodic peak at —0 75 
V is, however, the irieversible one-electron 
reduction step Cu'^Cu" It is worth noting that the 
normalized cathodic current at - 0 55 V, iJV\ 
increases relative to that of the cathodic peaks at 
— 0 75 V This IS probably due to inhibition of the 
redox step Cu'-^Cu" as the scan rate is enhanced 
from 0 05 to 0 1 V s ', or some chemical step occurs 
which removes Cu' before it can be reduced to Cu" 
It is unlikely that a mixed valence (Cu" Cu') 
bmuclear species is involved m the present electrode 
reduction, contrary to the reports of Osterberg,'" 
where formation of a bmuclear (Cu', Cu") complex 
has been suggested for interaction of Cu" with Iri-
glycme, using constant current electrolysis The 
anodic wave at +0 43 V is consistent with a one-
- 1 2 
lowed by C, due to the [Co'"] process It is therefore 
unlikely that any mixed valence bmuclear species is 
involved m these electiochemical reductions The 
large anodic peak at — 0 34 V, whose peak current 
remains unaltered with change of scan rate, is 
characteristic of an electrochemically active species 
absorbed on the electrode '^ which may be con-
sidered as cobalt metal The reduction at - 0 88 V 
IS probably followed by disproportionation ^^  Con-
sidering all the above processes involved the com-
plete electrochemical steps in the +0 65 to - 1 2 V 
range can be described by Scheme 1 
electron oxidation step (Cu"^Cu'"-(-e ) followed 
by an irreversible reduction step at —019V The 
complete electrochemical pathways in the present 
range of study are described in Scheme 2 
[CuLClJ r - 0 4 8 V [CuLCI] + e - 0 7 3 V [CuL] 
[CuLClJ + 0 4 3 V [CuLClJ^ + e 
[CuLCU 0 I 9 V 
[CoLCl]+ + e 0 88V [CoLCl]- -1 14V Co" 
2[CoLCl]-^[CoLCl]+ + Co'' 
Co- 014 V' Co'+ + 2e-
Schcme 
The voltammogram of the [CULCI2] complex 
(Fig 2) contained cathodic waves at —0 19, —0 55 
and - 0 75 V and anodic waves at —0 38 and +0 43 
V The cathodic peak ( - 0 55 V) and the anodic 
[CuLClJ^ + e 
Scheme 2 
It can be seen that the complex [CoLCI]^ under-
goes a facile electrochemical reduction process 
[Co'"] (Scheme 1), while the oxidation process 
[Co"'"] does not seem to occur This may be cor 
related to an uncommon feature of the present 
macrocycle, to stabilize the unusual + 1 oxidation 
state of cobalt rather than the -1- 3 state as shown"' •"' 
by tetraa7a[N4] and dioxotetraaza(dipeptide) 
macrocycles'' In other words, the present tetra-
peptide macrocycle has more difficulty m encom-
passing the smaller Co"' ion, suggesting that its 
cavity size (or hole size) is bigger than the tetraaza 
macrocycles which usually stabilize the smaller Co'" 
ion It IS reported^' that in the progression to larger 
macrocycles, 1 e from [14]N4 to [16]N4, the M"-^ 
M'" process proceeds with difficulty while the M " ^ 
M' process is favoured, and complexes of [16]N4 
with M ' " are much less resistant to solution 
decomposition than the analogous [14]N4 
complexes It is worth noting that the reduction 
potential ( — 0 88 V) for the [Co"'] process (Scheme 
1) IS close enough to that reported for the same 
process m the tetraphenylporphyrin system,^' i e 
— 0 80V Thclat tensconsidcicd asa 16-membcred 
macrocyclic ring system possessing imine nitrogen 
as the coordination centre and shows" a preference 
for the reduction step Co"-^Co ' rather than the 
oxidation step Co"-*Co" ' , similar to that observed 
in the present case This indicates that the cavity 
size of the two ring systems is comparable, although 
the coordinating centre in the present macrocycle is 
a secondary amide (peptide) moiety 
The present electrochemical findings for the 
copper(II) complex suggest that the C u " ^ C u ' pro-
cess is stabilized by the tetrapeptide ligand such that 
there is no indication of any disproportionation or 
decomposition step m solution This is probably 
new information giving electrochemical evidence 
for stabilization of a low oxidation state metal ion 
by a macrocycle containing peptide bonds, 
although electrochemical s tudies have provided evi-
dence-"" '* for univalent metal ions with macro-
cycles containing other donor sets 
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